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Goal I - Understanding what happens at the earthquake source

Why and how does a segment of a geologic fault suddenly slip and
produce an earthquake? What physical conditions within the Earth
control where and when an earthquake occurs?
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Goal II - Evaluating the potential of future earthquakes

Where are future earthquakes likely? How large will they be?
How often will they occur? When will they occur? Where are
future earthquakes unlikely?
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Modeling Fault Slip
9960-10296, 9960-12296

D. J. Andrews
Branch of Earthquake Geology and Geophysics
U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025
(415) 329-5606

Program elements 1.2, I1.4

INVESTIGATIONS
1. Dynamic shear rupture in a compacting and dilating fault zone at high fluid pressure
2. Dynamic growth of mixed mode shear cracks
3. Fault geometry and earthquake mechanics

4. Modeling geologic deformation rates in the San Francisco Bay region

RESULTS

1.
I demonstrated that dynamic earthquake rupture can be modeled using a poro-elastic-
plastic constitutive relation in a finite difference calculation.

2.

I completed this investigation which I had started some years ago with less adequate
computing resources. An idealized crack model was calculated under conditions in which
the slip velocity azimuth changes direction during the motion. The azimuth variation
depends on the absolute level of shear traction. This suggests the possibility of inverting
earthquake records to infer absolute stress.

3.
Earthquake mechanics may be determined by the geometry of a fault system. Slip on
a fractal branching fault surface can explain (1) regeneration of stress irregularities in an
earthquake, (2) stress drop in an earthquake concentrated in asperities, (3) starting and
stopping of slip at fault junctions, and (4) self-similar scaling of earthquakes. Slip at fault
junctions provides a natural realization of barrier and asperitiy models without appealing
to arbitrary variations of fault strength.

4.

I wrote a proposal to perform finite element calculations to model long-term geologic
slip rates in the San Francisco Bay region. Major strike-slip faults will be prescribed
surfaces with a small coefficient of friction. The upper crust will have a Coulomb yield
condition with a larger coefficient of friction. Yielding will simulate faulting on unmodeled
faults, in particular, dip slip in strike-slip stepovers. The model will be fit to geologic slip
rates and can provide an interpolation of those rates.

1



REPORTS

D. J. Andrews, 1992, Dynamic shear rupture in a compacting and dilating fault zone at
high fluid pressure (abstract): EOS Transactions AGU, vol. 73, p. 387.

D. J. Andrews, 1993, Dynamic growth of mixed mode shear cracks: to appear Bull. Seism.
Soc. Amer.

D. J. Andrews, 1993, Fault geometry and earthquake mechanics: to appear Annali di
Geofisica.



Regional Seismic Monitoring Along The Wasatch Front Urban
Corridor And Adjacent Intermountain Seismic Belt

1434-92-A-0966

W. J. Arabasz, R. B. Smith, J. C. Pechmann, and S. J. Nava
Department of Geology and Geophysics
University of Utah
Salt Lake City, Utah 84112
(801) 581-6274

L. Program Element 1.1
Investigations

This cooperative agreement supports "network operations” associated with the University
of Utah’s 92-station telemetered regional seismic network. USGS support focuses on the
seismically hazardous Wasatch Front urban corridor of north-central Utah, but also
encompasses neighboring areas of the Intermountain Seismic Belt. Primary products for this
USGS support are quarterly bulletins and biennial earthquake catalogs.

Results (October 1, 1992 - September 30, 1993)

General accomplishments. During the report period, significant efforts related to:
(1) continued fine tuning of data acquisition software installed in September 1992;
(2) continued upgrading and expansion of the telemetered seismograph network in the Salt
Lake Valley, including the installation of four new stations; (3) installation of satellite dishes
at USNSN station Dugway and on the roof of the building housing our central-recording lab;
(4) cooperative development of software to retrieve USNSN data from the satellite dish;
(5) continued upgrading of field equipment at stations that have been operating since the mid-
1970s, including improved solar regulators and audio mixers; (6) field testing of a newly
designed gain-ranging telemetry system developed by Memphis State University;
(7) rerouting of telemetry to a new on-campus node of the State of Utah’s microwave system;
(8) implementation of Internet access to information on current local (and worldwide)
seismicity via the command "finger quake@eqinfo.seis.utah.edu”; and (9) extended operation
of five temporary telemetered stations and one digital seismograph in and around the source
area of an M, 5.8 earthquake which occurred in SW Utah on September 2, 1992.

Network Seismicity. Figure 1 shows the epicenters of 1575 earthquakes (ML <4.38)
located in part of the University of Utah study area designated the "Utah region" (lat. 36.75°-
42.5°N, long. 108.75°-114.25°W) during the period October 1, 1992 to September 30, 1993.
The seismicity sample includes 26 shocks of magnitude 3.0 or greater and 12 felt earthquakes.

The largest earthquake during the report period was a shock of M 4.8 on November 4,
1992 (18:22 UTC), located under the Great Salt Lake Desert, NW of the Great Salt Lake. The
shock was felt throughout northern Utah, eastern Nevada, and southeastern Idaho. There were
no locatable foreshocks, and only nine locatable aftershocks, all of which occurred in the 101
minutes following the main shock. Approximately half of the seismicity detected during the
report period was associated with an area of ongoing coal-mining-related seismicity, located
within a 60 km radius of Price in east-central Utah (799 shocks, 0.9 £ M < 3.3).
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Figure 1. Earthquakes in the Utah Region, October 1, 1992, through September 30, 1993.
Shocks of magnitude 3.0 and larger are plotted as stars, those less than magnitude 3.0 as cir-

cles.

MAGNI TUDES
° 0.0+
) 1.0+
O 2.0+

% 3.0+

Y% 4.0+

4



ELECTROMAGNETIC REMOTE SENSING OF STRUCTURES
CONTROLLING SEISMICITY IN THE PUGET SOUND REGION.

1434-92-G-2224
J.R. Booker, P.I.
Geophysics Program
University of Washington
Seattle, WA 98195
(206) 543-8020
e-mail: booker@ geophys.washington.edu
Oct. 1, 1992 - Sept. 30, 1993
Program Element 1.1
The structure controlling most of the tectonics of the Puget Sound region is a sharp bend in

the subduction zone, which has forced a pronounced upward arch in the subducting plate. This
arch has elevated the over-riding former accretionary wedge to form the Core rocks of the Olympic
Mountains and also elevated the older marine volcanic rocks to form the Olympic Peripheral rocks.
These Peripheral rocks were underplated at the edge of a much older continent and the Olympic
Core rocks may have been underthrust and then underplated to the Peripheral rocks. The presence
of relatively deformable meta-sedimentary rocks beneath the igneous Peripheral rocks under the
Puget lowland may account for important features of the local tectonics, such as the apparently
active basin faults that radiate from the Olympics and the distribution of crustal earthquakes con-
centrated east of the Olympics near the depth expected for a boundary between the Peripheral and
underthrust Core rocks.

Meta-sedimentary rocks of low to medium grade are expected to be much more electrically
conductive than volcanic or other crystalline rocks. We are therefore testing the hypothesis of a
meta-sedimentary lower crust under the Puget lowland using electromagnetic techniques. We have
collected 15 magnetotelluric (MT) sites on an east-west transect along the crest of the Olympic
arch from the coast to the Cascades.

The key preliminary result is the observation that the long period phase (about 1000 seconds)
of the east-west electric field with respect to the north-south magnetic field is quite low (about 20
degrees) at all the sites along the transect. This polarization involves electric currents that cross the
coast from the ocean. The low phase near the coast is a consequence of the fact that currents
induced in the ocean flow at a much shallower depth than would be in equilibrium with the struc-
ture of the land. This ‘‘ocean effect’’ should dissipate inland as the currents diffuse downwards.
The fact that it extends east of Seattle suggests that shallow conductors keep the ocean currents
near the surface. However, the outcropping Peripheral rocks form a resistive break that prevents
shallow currents in the Olympic Core from crossing to the shallow sediments in the Puget lowland.
Thus the very shallow structure is probably not responsible for the large ocean effect inland.
Although three-dimensional complications such as the Strait of Juan de Fuca remain to be exam-
ined, two-dimensional forward modeling incorporating the ocean suggests that conductive lower
crust beneath the Peripheral rocks in the Puget lowland is a good candidate to explain the observa-
tions. We have the capability to directly invert multi-dimensional MT data, but a crucial data gap
near the boundary between the the Peripheral rocks and the Olympic core makes such an exercise
pointless at this time.

In a second phase of data collection, we are filling in the critical gap in the MT data in the
Olympic National Park, re-occupying sites which have insufficient data for high quality long period
phases, extending the MT transect east into the pre-Cenozoic Cascades and collecting an array of
magnetovariation (MV) sites distributed so as to provide information about the areal distribution of
electric current flow. This last step is essential to determine the effects of large scale three-
dimensionality on the MT interpretation.



COLLABORATIVE RESEARCH
(TERRA TEK, INC. AND THE UNIVERSITY OF UTAH): Field and Laboratory
Study of the Spatial and Temporal Variability in Hydromechanical Properties of
an Active Normal Fault Zone, Dixie Valley, Nevada

Award Number 1434-93-G-2280
Program Element 1.1
Ronald L. Bruhn (co-P.1.)

Craig B. Forster (co-P.1.)
Jonathan Caine (Graduate Student)
Department of Geology and Geophysics
University of Utah
Salt Lake City, Utah 84112
(801) 581-3864
E-mail: gg-cbf@mines.utah.edu

Joanne Fredrich (co-P.1.)
Terra Tek, Inc.
Salt Lake City, Utah
(801) 584-2487

Introduction

This report describes a reconnaissance survey of fracturing in the Dixie Valley fault zone, a large
normal fault in the Central Nevada Seismic Belt. The spatial distribution, geometry, and intensity
of fracturing is described, and fracture permeability is estimated for stress states that may be
representative of pre-rupturing and post-rupturing regimes in large normal faults. Finally, we
present a preliminary analysis that treats fracture networks as potential reservoirs of high pressure
fluid, and consider the effects of injecting this fluid between fault surfaces during the onset of
rupturing. This report outlines the results of the first phase in our study of how the permeability
structure of a large normal fault might influence the fluid dynamical processes operating during
faulting. We are about to begin a series of numerical modeling studies that will provide more
comprehensive insight into the role that the internal structure of a fault plays in controlling the fluid
pressure buildup and decay associated with earthquake processes.

Dixie Valley Fault Zone

The Dixie Valley fault is located in the Central Nevada Seismic Belt, and last ruptured during a M =
6.8 earthquake in December, 1954 (Slemmons, 1957). The fault cuts and deforms a 25 to 29 Ma
old granitic body and overlying Tertiary volcanic rocks along the eastern margin of the Stillwater
Mountains (Speed and Armstrong, 1971; Wilden and Speed, 1974). Vertical displacement is
estimated as 6 km (Okaya and Thompson, 1985; Parry et al., 1991). Fault surfaces dip 30° to 45°
ESE on average, and slickenlines and grooves trend 105° £ 7°. The fault zone is marked by a band
of hydrothermal alteration and intense fracturing that is several ten's to hundred's of meters wide
and extends for ten's of kilometers in the footwall adjacent to Quaternary scarps. Locally, the
alteration and fracturing extends hundreds of meters into the footwall along narrow zones of
intense cross fracturing (Parry et al., 1991).

The slip-zone consists of breccia and cataclasite, together with corrugated fault surfaces, that are
preserved at only a few sites within the study area. Transition-zone or 'damage-zone' rock is
intensely, but heterogeneously fractured. Fracturing is characterized by three prominent sets: (1)
Shear fractures, most of which dip towards the ESE, but some dip WNW. (2) Steeply dipping



fractures that strike ENE, parallel to the trend of the fault zone. These fractures developed mostly
by extension, but many have undergone some shearing. (3) Cross fractures that strike at moderate
to high angle to the trend of the fault zone, dip at steep to moderate angle, and form a mixed set of
both extensional and sheared fractures. Many fractures in these three sets have undergone multiple
stages of hydrothermal alteration, and contain cemented cataclastic grains that were derived by
abrasion during fault slip, or injected as a cataclastic slurry during faulting and fluid pressure
fluctuations (Parry et al, 1991). Parry et al. (1991) conclude that the hydrothermal mineral
assemblages formed at temperatures as high as 305° C and fluid pressure up to 157 MPa,
corresponding to depths of 6 km and nearly lithostatic fluid pressure. Alteration continued during
uplift of the footwall by faulting, so that lower temperature and pressure alteration minerals were
superimposed on the deeper, higher T and P mineral assemblages. The most important mineral
assemblages, in rank from highest to lowest T and P, are (1) biotite - K-feldspar, (2) chlorite +
epidote, (3) sericite + kaolinite + smectite, and (4) zeolite + clay.

Field and Computational Techniques

Field Measurements of Fracturing

Fracture intensity and orientation were measured at several sites along the length of the Dixie
Valley fault zone. Fracture intensity was measured by counting the number of fractures
intersecting a scan-line over a 10 m interval, and averaged at one meter intervals. Several scan-
lines were laid out at each site in order to cross fractures at high angle to strike. Photographs were
taken of appropriately oriented rock faces at several sites, fracture traces were marked on the
photos, and the trace lengths measured (Fig. 1).

Estimates of Permeability
Fluid transport properties of the fractured rock mass are estimated using the model and algorithms
of Oda et al. (1987). Permeability tensor K is defined by

Kjj = MPkkdij - Pij) ey

Pjj = (I1/4-V) Tk=1,N (Lk2[tk3Inik njk)  (2)

Fractures are modeled as discs of diameter L. Lk is the diameter and tk is the aperture of the kth
fracture in the model network. njk are the three components of the direction cosine of the kth

fracture. Sij is the Kroenecker delta function, and V is the volume of the fractured rock mass. N is
the number of fractures in the network. A varies from 1/12 for flow between parallel plates of

infinite extent to zero for a non-percolating fracture network. A is defined as 1/16 (0.064) for
calculations in this study, based on the discussion and numerical simulations of Oda et al. (1987).

Fracture aperture (t) is difficult to assign with any degree of confidence. Aperture decreases
rapidly with increasing effective normal stress, and is also a function of the surface roughness and
fracture size (Oda et al., 1987). However, none of these functional relationships are well
established for fractures at elevated temperature and pressure in natural fault zones. In this study,
the initial or 'zero effective stress' aperture (to) of each fracture is proportional to the fracture

diameter, using the ratio (to/L) = 1x10-3. The decrease in aperture caused by effective normal
stress is computed using the algorithm and coefficients proposed by Oda (1986).
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Figure 1: Fractures traced from a photograph of a rock face in the Dixie Valley fault zone. The
view is along strike, and the rock face is perpendicular to the strike of the fault zone.

Implementation of equations (1) and (2) requires simulation of a fracture network based on field
measurements of fracture intensity, orientation and trace length. The number of fractures in a rock
volume is estimated from the scan-line measurements. The density of fracture poles expressed as
% per 1% area on a lower hemisphere stereoplot provides the probability density distribution from
which we generate a sample of fractures with the appropriate angular dispersion. Trace length
measurements are corrected for sampling bias (Warburton, 1980) and used to assign mean
diameters to fractures falling within the orientation ranges of the three prominent fracture sets.
Fracture diameters are generated with a negative exponential distribution and the mean diameter
specified for each fracture set in Table 1.

The above procedure is automated in a computer program. The code generates an interpolation
table of fracture pole orientation density based on field measurements. The operator specifies the
total number of fractures to be modeled within a volume of rock, and the mean diameter of
fractures in various sets defined by restricted ranges in orientation. A list of fractures is created



with the appropriate distribution in orientation and diameter. The fracture list (fracture network) is
entered into another computer program which implements equations (1) and (2). This latter code

computes the initial aperture (to) of each fracture as a function of diameter, corrects to for closure
caused by the specified stress state, and determines the principal magnitudes and directions of the
permeability tensor (Table 2). Oda et al. (1987) provide a thorough discussion and numerical tests
of this 'equivalent porous media' algorithm.

Results
Fracture Intensity

Mesoscopic fracture intensity varies markedly along the length of the fault zone, but fracturing is
concentrated in a band up to 300 m wide immediately adjacent to the Quaternary scarps (Fig. 2).
Steeply dipping extension fractures strike parallel to the fault zone and occur both as short pinnate
fractures originating from fault surfaces (Fig. 4) and as long (meter scale) fractures that truncate
several fault surfaces in vertical succession. The scan-line intensity of this latter fracture set is
highly variable, but locally exceeds 30/meter. Shear fractures, or fault surfaces, mostly dip ESE
and intensity varies from 4/m to 10/m. Cross fracture intensity ranges from less than 4/m to almost
30/m, and locally these fractures coalesce into elongate bands of intense fracturing with
hydrothermal alteration that extends several hundred meters into the footwall. The cross fractures
originate by at least two different processes, 1) local stress concentrations in the wall rock created
by spatial variability in slip along corrugated shear surfaces (Fig. 1), and 2) large scale flexing of
the footwall during uplift. Microfracturing mimics the mesoscopic fracturing. Thin section study
reveals that microfractures are healed and filled with alteration minerals as the result of the same
rock-fluid reactions that occurred along mesoscopic fracture surfaces (Parry et al., 1991).

Fracture Network Model

A 'generic' fracture network model is created using representative fracture intensity measurements,
orientation, and trace length data. The general characteristics of the model are summarized in Table

1, for 1 m3 rock volume. This model is used in subsequent calculations to estimate fracture
network permeability and fluid reservoir characteristics. Fracture network heterogeneity is not
considered in this preliminary study.

The number of fractures per unit volume (p) is estimated from scanline intensity values (eqn. 25,
Oda et al., 1987).

p<L2 > =4I/ [r <In - qI>) (3)

<L2 > is the mean squared fractured diameter, I is scanline intensity (#/m), and <l n -+ qI> is

the mean value of the dot product between the poles to fractures in a specific set (defined by unit
vectors n) and the unit vector parallel to the scanline (q). For example, we use histograms of

scanline intensity for the three fracture sets to assign average intensities for each set; Is = 8/m for

both extension and cross fractures (set 1) and (set 3), and 5/m for shear fractures (set 2). Trace
length measurements for each set yield in sequence, <L>=0.2 m (set 1), 0.5 m (set 2) and 0.25 m

(set 3) (Table 1). Fracture density is estimated from (3) with<In - gl>=1.0. p1 = 255/m3, P2

= 26/m3, p3 = 164/m3, for a total mesoscopic fracture density of 445 fractures/m3. Field and
microscopic studies indicate multiple episodes of fracture sealing and filling by hydrothermal



minerals. We account for the possible effects of hydrothermal alteration and cementation by
assuming that only 1/3 of these fractures are open and transport fluid at any given time. This
proportion of open fractures is only a guess, and is not based on any quantitative information. The
real value may be significantly higher, or much lower.

The fluid transport and reservoir properties of fault zone fracture networks are important in theories
of rupture initiation and modeling of earthquake precursors (Sibson, 1989; Byerlee, 1993). Most
large, normal faulting earthquakes initiate at depth > 10 km. For purposes of modeling we impose
stress conditions and fluid pressures that may exist in parts of a normal fault zone at a depth of 10
km, based on studies of fluid inclusions and mineral alteration assemblages (Parry and Bruhn,
1990; Bruhn et al., 1990). In the pre-rupture state, the ratio of fluid pressure (Pf) to lithostatic

pressure (PL) is defined as P{/P[, = 0.9. The vertical principal stress (Sy) = prgz(1-Pf/PL) = 27

MPa, for pr = 2700 Kg/m3. The major fault surfaces have a coefficient of friction pu = 0.6, no
cohesion, and dip 45°. The least principal stress Shmin = 6.8 MPa at failure. For simplicity, we
assume that Shmax = Shmin, Or

¢s = [Shmax - Shmin}/[Sv - Shmin] = 0.0 4)

Fluid pressure presumably drops within the transition-zone either during or after rupturing because
permeability increases, and newly formed fractures provide connections to the surface (Sibson,
1989; Parry and Bruhn, 1990; Bruhn et al., 1990). Assume that the post-rupture fluid pressure
becomes hydrostatic, that the shear stress is completely relaxed, and the three principal stresses
become equal, with a magnitude of 170 MPa. These pre- and post-rupture stress states are chosen
to provide upper bounds on fracture volume changes and fluid production from the transition-zone
at seismogenic depths.

Discussion

Partial closure of fractures between pre- and post-rupture stress states has a marked effect on
fracture permeability (Table 2). The maximum and intermediate permeability axes (K1 and K2)
plunge more steeply than the plane of the fault zone, and the least principal axis (K3) plunges more
gently than the pole to the fault zone in the pre-rupture stress state. The average fracture aperture is
19 microns, and total fracture volume is 0.52 liter. Fracture permeability is large in the pre-rupture

state due to low effective normal stress across most fractures. Permeability magnitudes are = 10-13
m?2, about 4 orders of magnitude greater than in the post-rupturing stress state (Table 2).

A marked reduction in permeability in the post-rupture stress state is accompanied by a rotation in
permeability axes. K1 and K2 are located essentially within the plane of the fault zone, and K3 is
almost parallel to the fault zone pole (Table 2). Average aperture is 1.5 microns, and fracture

volume is 0.04 liter. Permeability magnitude is ~ 10-17 m2.

The increase in effective stress between pre- and post-rupture stress states could produce about 0.5
liter of fluid from a cubic meter of fractured, transition-zone rock because of partial closure of
fracture apertures. If fluid expulsion occurs during the initial phase of rupturing, this fluid may be
injected between fault surfaces and act to trigger an earthquake (Byerlee, 1993). The fluid also acts
as a mineralizing agent, carrying ionic species in solution into fractures and voids between fault
surfaces, where chemical reactions produce cement and mineral filling that ultimately reduces
permeability, and partially heals fault surfaces.
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We have collected samples of fault breccias from the Dixie Valley fault that may represent the
consequences of fluid migration during fault-related implosion of the host rock. The breccias
comprise an ultra-fine grained, buff colored, silicic matrix with angular clasts of what appear to be
k-spar rich protolith. Visual inspection of slabbed and sectioned samples reveal that the clasts are
matrix supported. Detailed study was accomplished by laser scanning polished slabs and
photographs of the breccia cut at a variety of orientations relative to the orientation of the plane of
slip. Analysis of the digital images reveals a bimodal distribution of clast sizes with the finer
grained clasts generally found along the bounding surfaces of the breccited pod. If we assume that
the ultra-fine grained matrix was precipitated from a fluid at the time of breccia formation then the
apparent porosity of the breccia pod, with clasts fully supported by the fluid, is estimated to be
about 56%. Further study of the breccia samples may provide insight into the fluid velocities
required to fully support the clasts at the time of breccia formation.

Byerlee (1993) proposes a 'fluid compartment' model for fault zones and the triggering of
earthquakes. Fluid sealed under high pressure in one compartment is partially drained into an
adjacent compartment of initially lower fluid pressure. We use this model to investigate the
potential effect of draining fluid from the transition-zone fracture network into the space between
opposing walls of faults or 'slip-surfaces'. Assume the following initial conditions at a depth of
10 km: 1) Fluid is initially trapped at hydrostatic pressure in the fault, and 2) fluid is trapped at 0.9
P in the adjacent fracture network. The fault and fracture network are hydraulically isolated until
the onset of rupturing, when the seal between the two compartments is broken. Fault permeability
is much less than that of the fracture network, and we neglect changes in fluid compressibility
during pressure changes.

The final fluid pressure, after equalization of pressure between the two compartments is (Byerlee,
1993):

Pf = [VtzPtz + VszPsz)/[Vtz + Vsz] (5)

V and P are the fracture volumes and initial fluid pressures in the transition-zone (tz) and fault (sz),

respectively. We assign Viz =0.52 x 10-3 m3, and Ptz = 0.9 lithostatic pressure (Ptz = 243 MPa)
based on the stress and transition-zone structural parameters summarized in Tables 1 and 2.

How large a section of fault surface is affected by injection of fluid from 1 m3 of transition-zone
rock? Consider the situation where Pf = 171.5 MPa, half the difference between Ptz and Psz,

Rearranging equation 5 to solve for Vgz gives:

Vsz = Viz[Ptz + Pfl/[Pf - Psz] (6)

The fault area that can be pressurized from Pg; = 100 MPa to Pf=171.5 MPa is Vgz/tsz, where tgz
is the average aperture between opposing walls of the fault. tgz = 1 to 5 microns for the specified
stress conditions according to the joint aperture constitutive law of Oda (1986). A fault surface
area > 100 m2 is affected by the fluid injected from 1 m?3 of transition-zone rock. This preliminary
result is intriguing because fluid from only a small volume of over-pressured rock may apparently
reduce the effective normal stress over a large fault surface area. Only small, heterogeneously
distributed patches of over-pressured fracture network are required to make the fluid pressure
compartment model viable. This conclusion is consistent with observations that the structural and
fluid pressure properties of fractured rock are spatially and temporally heterogeneous (Bruhn et
al., 1990; Parry and Bruhn, 1990).
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Conclusions

Field observations and measurements of fracture networks surrounding large fault surfaces provide
important constraints on structural and mechanical properties of large normal fault zones. Large
fault surfaces that rupture during earthquakes are encased within intensely fractured rock. The
fracture networks provide pathways for fluid flow within the fault zone, and also form fluid
reservoirs. High pressure fluid trapped in isolated, fractured-rock reservoirs may bleed into voids
between fault surfaces, possibly triggering instability by the reduction of effective normal stress, as
envisaged by Byerlee (1993). Estimates of fracture permeability vary from as high as 10-13 m2 in
the modeled pre-rupture stress state, to as low as 1017 m2 in the post-rupture state. Our next
phase of study involves computing the patterns and rates of fluid flow within fault geometries
modeled after our field-based observations.
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. . Program Element I
Investigations ¢

We are conducting a field geologic study of exhumed faults of the San Andreas system to infer
the environmental conditions of faulting, the mechanisms of slip, and the physical and mechanical
properties of fault zones at seismogenic depths. This type of research will help guide laboratory
fault modelling efforts and ultimately will contribute to an understanding of the physics of the
earthquake source. Up to this time we have focused our study on the North Branch San Gabriel
fault because this fault segment is probably one of the more deeply exhumed and best exposed,
large-displacement faults of the San Andreas system. For comparison with the San Gabriel fault,
we also have been carrying out reconnaissance studies of other good exposures of brittle faults in
the San Gabriel Mountains, e.g., the San Andreas near Wrightwood and Cajon Pass, the
Punchbowl] fault, and the Sawpit Canyon fault.

Our previous studies of the mesoscopic scale subsidiary fault fabric, mineralogic alteration and
fluid/rock interaction, and particle size distributions of the cataclastic fault rocks led us to the
conclusion that mature faults of the San Andreas have an internally zoned structure in which the
majority of fault slip occurs in a extremely narrow fault core [Chester et al., 1993]. Recent
experimental work suggests that friction parameters characterizing rate dependence and slip history
effects of friction in gouge layers may scale with the thickness of the actively shearing part of the
gouge layer [Marone and Kilgore, 1993; Chester, 1993]. Scaling relations suggest that thicker
shearing zones have a larger critical slip distance for the evolution effect of friction, D,. Increasing
D¢ has a stabilizing effect on faults and increases the critical size of the slipping patch necessary to
nucleate instability [Marone and Kilgore, 1993; Dieterich, 1986]. In addition, thicker shearing
zones decrease the average shear strain rate within fault zones which tends to promote the
inherently stable friction mechanism involving solution transfer [Chester, 1993]. To apply
laboratory friction relations to crustal faults and to understand the stability characteristics of faults it
is important to define the thickness of natural faults. Over the last contract period we have
continued our efforts to characterize the internal structure of the San Gabriel fault with the purpose
of defining the strain distribution and the active shear zone thickness relevant for scaling laboratory
friction relations.

Results

We have characterized deformation intensity along traverses across the San Gabriel fault on the
basis of several structural criteria including neomineralization, particle size reduction, microfracture
intensity, mesoscopic fracture and veining intensity, subsidiary fault fabric, and reorientation (by
shear) of planar fabrics in the protolith. The deformation intensity measured at great distances
from the fault core is taken as representing the regional (background) level of deformation
characteristic of the protolith. The boundary of the fault zone may be defined where deformation
intensity is shown to increase markedly as the fault is approached. The various criteria used to
measure deformation intensity imply different thicknesses of the fault zone using this method. All
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criteria imply that the regions of intense deformation are relatively localized to a zone within tens of
meters from the fault core.

Measurements of mesoscopic fracture, vein and subsidiary fault intensity indicate the protolith
has a relatively high background level of deformation with local excursions that are probably
associated with lithologic variation and larger subsidiary fault zones (Figure 1a). The increase in
mesoscopic fracture, vein and fault intensity associated with the San Gabriel fault occurs within
approximately 50 m of the fault core. This is consistent with the characterization of microscopic
fracture intensity that suggests a high level of microfracture to at least 30 m from the fault core
(Figure 1b). The microfracturing at distances of greater than 10 m from the core and near the
boundaries of the fault zone is characterized by dense networks of healed intragranular
microfractures. Although the grains (defined on the basis of composition) are severely fractured
there is little evidence of shear separation on the fractures. Fracture geometries imply repeated
fracture and healing such that the original grains did not loose mechanical integrity over the period
of the San Gabriel faulting activity. Extreme comminution with shear displacement along fractures
and grain size reduction occurs within a much narrower zone that is within several meters from the
fault core (Figure 1c). It is within this narrow zone that evidence exists for extreme alteration and
neomineralization (Figure 1d).

Chester et al [1993] reported that subsidiary fault fabrics within the fault core are different than
in the surrounding rock. In general, most fault surfaces and other planar fabrics within the core are
oriented parallel to the fault. Qutside the core the subsidiary faults are preferentially oriented at
high angles to the fault. This observation and the localization of comminution and alteration led
Chester et al. [1993[ to conclude that the majority of shear strain was accommodated within the
fault core. Additional evidence for localization of shear strain to the fault core is provided by
measurements of the orientation of granitic dikes along the fault. The dikes are much older than the
San Gabriel fault and can be treated as passive markers that record shear strain. Away from the
fault the dikes display all orientations including orientations that form large angles with the plane of
the San Gabriel fault (Figure le). At a distance of less than 5 m from the fault core the dikes
display significant and abrupt reorientation subparallel to the fault core. These data constitute
strong evidence that significant shear strain occurs only within and near the core of the fault.

The general picture that emerges for the San Gabriel fault zone is that it consists of a wide
(approximately 100 m) zone of intense crushing at the microscopic scale but with little net shear.
Almost all shear strain has occurred within a central zone on the order of a few meters thick. We
have found very similar relations for the other faults studied in reconnaissance. The Sawpit
Canyon fault also cuts a protolith containing dikes older than the fault, and the orientations of the
dikes clearly record extremely localized shear within a wide zone of crushing.

We have noted previously that the fabric of the fault core suggests that shear displacements are
inhomogeneous within the fault core. In most cases there is a layer of ultracataclasite on the order
of a decimeter in thickness. This layer is distinct from the surrounding fault-rocks in the core
because it displays extreme comminution and nearly complete synfaulting mineralogic alteration
[Evans and Chester, 1993]. Furthermore there are localized slip surfaces (slickensides) within and
along the boundaries of the ultracataclasite layer. These ubiquitous strain localization features
consist of remarkably planar and smooth shear surfaces that are oriented parallel to the fault
boundaries and located in the ultracataclastic core of the faults. Some of these surfaces are
continuous for distances at least comparable to the thickness of the entire fault zone. At the
microscopic scale these surfaces are ~1-mm thick and are defined by preferred alignment of
phyllosilicates, juxtaposition of texturally different ultracataclasite, extreme grain size reduction,
and mineralized veins along and parallel to the surface. Several structures in the ultracataclasite
layer, such as clasts of older ultracataclasite and relatively few large fragments of veins as observed
in the less deformed fault core imply that the ultracataclasite layer was periodically reworked during
the faulting history [Chester et al., 1993].

Microstructural studies of simulated gouge from friction experiments suggest that gouge
structure and frictional behavior evolves with cumulative shear [Marone and Scholz, 1989;
Blanpied et al., unpublished manuscript, 1989]. General findings suggest that displacement in
gouge layers tends to localize to narrow shear bands and this correlates with a change from rate
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strengthening to rate weakening behavior [Marone et al., 1990]. The extreme comminution within
the shear bands can lead to densification and strain hardening such that the shear bands tend to
migrate through the gouge layer as slip accumulates. Although only a thin layer is actively
shearing at any time, the entire gouge layer is sheared and reworked after large total displacement
[Blanpied et al., unpubl.manuscript, 1989]. The structures of the San Gabriel fault core are
compatible with such a model. In this case the ultracataclasite layer represents the products of

“attrition wear along the localized sliding surfaces and shear bands, and the ultracataclasite layer is
periodically reworked as the localized shear bands sweep through or jump to new sites within the
layer. Reworking also would be expected to occur at locations where the localized shears jog or
step within the ultracataclasite layer.

The field relations require that the actively shearing portion of the fault at any increment of time
during the fault history must have been much less than the apparent thickness of the fault on the
basis of fracture intensity, and must have been equal to or less than the core of the fault that records
significant shear strain. This implies that for scaling constitutive parameters such as D from
simulated gouge friction experiments the thickness of the active shear zone of the San Gabriel fault
is a few meters at most but probably much less. The presence of localized shear structures in the
core of the fault and evidence for reworking of the ultracataclasite layer imply that deformation in
this layer is very similar to the processes in simulated gouge friction experiments. As such,
friction parameters such as D in the San Gabriel fault may have been very similar to those
observed in simulated gouge experiments. Such small D, values imply that instability can nucleate .
on localized shear surfaces with lengths similar to those observed in the San Gabriel fault core.
Thus we suggest that the localized shear features in the San Gabriel fault could have been the
source of paleomicroseismic events or portions of the rupture surfaces of larger paleoearthquakes.
Although we argue that the experimental friction parameters may apply for nucleation of instability
in the San Gabriel fault, neither simulated gouge experiments or San Gabriel fault structures
indicate if additional and larger D, values are necessary to describe transient friction for very large
slip events.
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Canyon, Devil's Canyon and Bear Creek.

Unfractured rocks have intensity of 0 and rocks with completely demolished grains have an intensity of 100.
Intensity is high up to at least 30 m from the ultracataclasite layer. Microfracture intensity was determined from
point counts of petrographic sections using an optical microscope. For each grain encountered at evenly distributed
points the microfracture density, df, was determined by counting the number of microfractures within a fixed viewing
area and expressed as microfractures per sq. mm. Microfracture intensity is defined by summing the percentage of
grains in the following groups, df < 20, 20 < df < 120, 120 < df < 250, 250 < df, and demolished, multiplied by the
factors, 0, .25, .5, .75, and 1, respectively.

¢) Volume percent of grains comminuted to diameters less than 10 pm determined from petrographic point counts of
samples from traverses across the fault at Bear Creek and Devil's Canyon. Extreme comminution and grain size
reduction occurs primarily within a distance of a few meters from the ultracataclasite layer.

d) Volume percent of neomineralized veins, disrupted veins, and porphyroclasts determined from petrographic point
counts of the same samples as in ¢). Most veining occurs within the fault core.

e) Angle between planar fabric elements of the protolith that predate the San Gabriel fault and the San Gabriel fault
plane measured in the plane perpendicular to the fault and parallel to the slip direction (horizontal) across the fault at
Devil's Canyon and Bear Creek. Significant shear strain is recorded by reorientation of the planar fabric elements
only within 5§ meters from the ultracataclasite layer. 16



Partial Support of Joint USGS-CALTECH
Southern California Seismographic Network

#1434-92-A-0960

Program Element 1

Robert W. Clayton
Egill Hauksson

Seismological Laboratory,
California Institute of Technology
Pasadena, CA 91125 (818-395-6954)

INVESTIGATIONS

This Cooperative Agreement provides partial support for the joint USGS-Caltech
Southern California Seismographic Network. The purpose is to record and analyze data
from more than 25,000 local earthquakes from October 1992 to September 1993 and
generate a data base of phase data and digital seismograms. The primary product derived
from the data base is a joint USGS-Caltech catalog of earthquakes in the southern
California region. We also provide rapid response to media and public inquiries about
earthquakes.

For more detailed information about data access, please contact:
Dr. Kate Hutton at (818)-356-6959;
or with E-mail: kate@bombay.gps.caltech.edu.

RESULTS ,
Network Operation

Southern California Seismographic Network. The SCSN has 250 remote sites (with
330 components) and gathers data from local, regional and teleseismic earthquakes. These
data are used for earthquake hazards reduction as well as for basic scientific research. The
earthquake hazards reduction effort has become more important as moderate-sized
earthquakes continue to occur within densely populated areas in southern California. The
largest damaging earthquake to occur was the (My=6.2) Eureka Valley earthquake of 17
May 1993, located near the California Nevada state boundary.

The average rate of 15 publications per year over the last 10 years using the network
data illustrates the strength of the ongoing research activities that use the network data.
Continued efforts to improve data quality and accessibility have created the arguably best
regional earthquake data base in the world. The ongoing upgrading of the quality of the
waveforms recorded by the short-period network and the addition of low-gain
seismometers and accelerometers provide numerous new avenues of research. Most
irf{}portant of these is analysis of on-scale waveforms to determine source, path and site
effects.

The USGS operates most of the remote stations in the SCSN. Caltech operates: 1) 24
short period telemetered stations; 2) 12 very broadband TERR Ascope stations; in 1994 we
plan to install 7 more TERRAscope stations. Caltech also maintains drum recorders and
other equipment at the central site located in the Seismological Laboratory at Caltech.

The SCSN data are recorded by two microVAX-III computers and the data processing
is done on six VAX workstations using a VAX-4000 as a central server. The operation of
this equipment is shared by Caltech and USGS personnel. To avoid duplication, software
development is done in cooperation with the USGS in Menlo Park.
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More than 25,000 earthquakes will be entered into the southern California earthquake
catalog for this reporting period. Approximately 5.0-10.0 Mbytes of phase data and 50-75
Gbytes of seismograms will be archived. In addition to the data analysis we carry out
software maintenance, hardware maintenance and other tasks necessary to complete the
catalog. Caltech and USGS maintain a data base that includes: 1) earthquake catalog
(1932-present); 2) phase data (1932-present); 3) photographic paper seismograms (1930-
1992); and 4) digital seismograms (1977-present). The earthquake catalog (1932-present)
and phase data (1932-present) are available via dial-up and over INTERNET. Other data
are available upon request. This data base has been made available to the DC/SCEC and is
the most voluminous part of the data stored in the DC/SCEC.

Near real-time reporting to USGS in Reston and the Governor's Office of Emergency
Services and other response to any felt or damaging earthquake activity is provided by
network personnel.

The Data Center of the Southern California Earthquake Center. This center has
significantly increased the use of the data from SCSN for scientific research. The mass-
store system, which became operational on 1 October 1991, provides on-line storage for
more than 300 Gbytes of data. The availability of 60 years of catalog, 60 years of phase
data, and 15 years of digital seismograms on both UNIX and VMS computers and on-line
over INTERNET/NSENET improves the access to the data.

eismicity October 1992 - Sept ri

The Southern California Seismographic Network (SCSN) recorded approximately
25,000 earthquakes during the 12 months from October 1992 through September 1993, an
average of 2000 per month, making it the second most active reporting period ever (Figure
1). The largest earthquake to occur was the M6.2 Eurecka Valley earthquake. Four
earthquakes of 5.0<M<6.0 occurred during the last 12 months. Three of these were
Landers aftershocks, while one occurred near Bakersfield (Figure 2).

The (My6.2, 7.4, 6.3) 1992 Landers sequence that began on 23 April with the My6.2
1992 Joshua Tree preshock is the most substantial earthquake sequence to occur in the last
40 years in California. These earthquakes ruptured almost 100 km of both surficial and
concealed faults and caused aftershocks over a 100 km wide and 180 km long area. The
faulting was predominantly strike-slip and all three events had unilateral rupture to the north
away from the San Andreas fault. The aftershocks from these earthquakes that have
continued through 1993 form several prominent trends in the San Bernardino and western
Mojave regions.

Other regions of high activity are the San Jacinto fault, the most active fault in southern
California, Coso geothermal area, Eureka Valley, and Long Valley. The activity along the
San Jacinto fault extended more than 100 km south of the US Mexico border. The Coso
seismicity has remained at a high level since the 28 June Landers earthquake. This high
rate of seismicity is anomalous for southern California when compared with the previous
decade (Figure 2).

PUBLICATIONS USING NETWORK DATA (ABSTRACTS EXCEPTED)

Dreger, D. S., and D. V. Helmberger, Determination of source parameters at regional
distances with three-component sparse network data, J. Geophys. Res., 98, [BS],.
8107-8125, 1993.

Hauksson, E., L. M. Jones, K. Hutton, and D. Eberhart-Phillips, The 1992 Landers Earthquake
Sequence: Seismological Observations, J. Geophys. Res., 98, 19835-19858, 1993.

Hauksson, E., State of stress from focal mechanisms before and after the 1992 Landers
Earthquake Sequence, submitted to Bull. Seismol. Soc. Amer., 1993.

Jones, L. E., J. Mori, and D. V. Helmberger, Short-period constraints on the proposed
transition zone discontinuity, J. Geophys. Res., 97, [B6], 8765-8774, 1992.
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Magistrale, H., H. Kanamori, and C. Jones, Forward and inverse three-dimensional P
wave velocity models of the southern California crust, J. Geophys. Res., 97, [B10],
14,115-14,135, 1992,

Mori, J., Fault plane determinations for three small earthquakes along the San Jacinto
Fault, California: Search for cross faults, J. Geophys. Res., 98, [B10], 17,711-
17,722, 1993.

Mori, J., and A. Frankel, Correlation of P wave amplitudes and travel time residuals for
teleseisms recorded on the Southern California Seismic Network, J. Geophys. Res.,
97, [BS], 6661-6674, 1992,

Sieh, K., L. M. Jones, E. Hauksson, K. Hudnut, et al, Near-field investigations of the
Landers earthquake sequence, April-July, 1992, Science, 93, 171-176, 1993.

Wald, D. 1., Strong motion and broadband teleseismic analysis of the 1991 Sierra Madre,
California, earthquake, J. Geophys. Res., 97, [B7], 11,033-11,046, 1993.
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Figure 1. Number of earthquakes recorded and processed per year by the Southern
California Seismographic Network. Some data from the late 1970s and early 1980s and
from 1992 still remain to be processed.
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1992 to 30 September 1993.
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Washington Regional Seismograph Network Operations
1434-92-A-0963 R.S. Crosson, S.D. Malone and A.I. Qamar, P.Ls

R.S. Crosson, S.D. Malone, A.l. Qamar and R.S. Ludwin
Geophysics Program
University of Washington
Seattle, WA 98195
(206) 543-8020
e-mail: bob, steve, tony, or ruth@geophys.washington.edu
Oct. 1, 1992 - Sept. 30, 1993
Program Element 1

Investigations

Operation of the Washington Regional Seismograph Network (WRSN) and preliminary
analysis of earthquakes in Washington and Northern Oregon continue under these contracts. Quar-
terly bulletins which provide operational details and descriptions of seismic activity in Washington
and Northern Oregon are available from 1984 through the third quarter of 1991. Final published
catalogs are available from 1970, when the network began operation, though 1986.

The University of Washington operates 94 stations west of 120°W under this agreement.
This report includes a brief summary of significant seismic activity. Additional details are included
in our Quarterly bulletins.

Network Operations and Outreach

Station WPO, in west Portland, OR, was reinstalled (on 4/15/93) at the same site where it
previously operated between 1986 and 1988. WPO replaced station WP2, which operated from
late 1988 through Oct. '92. A new station (RCM) using a 1.72 Hz Ranger seismometer was
installed at Camp Muir on Mt. Rainier in September in order to allow us to more accurately locate
earthquakes and icequakes on the volcanic cone. Camp Muir was selected because it is high on
the mountain and can be readily accessed. Because of earthquake activity in the Klamath Falls,
OR area, four new stations were installed in early October by the USGS and telemetered to the
UW. These stations-are HAM (Hamaker Mt.), LAB (Little Aspen Butte), VSP (Spence Mtn.), and
VRC (Rainbow Creek). LAB is a three-component short-period station with an additional high-
gain vertical component. A station map and a discussion of new broadband instrumentation is
included in the summary for agreement 1434-92-G-2195.

For significant local events, our automatic processing includes an alarm that initiates elec-
tronic mail or faxes to local emergency response agencies, operators of adjacent seismograph net-
works, and the National Earthquake Information Center in Colorado. When the event has been
fully processed, updated final information on it is also faxed or e-mailed. A taped message on our
voice mail system (206) 543-7010 gives information on felt earthquakes in the last few days within
our network, and a longer general message is available on earthquakes in the Pacific Northwest. In
addition, locations of recent significant earthquakes can be obtained via modem by dialing
(206)685-0889 and logging in as "quake" with password "quake", or via ethernet using the UNIX
utility "finger quake @ geophys.washington.edu”.

Summary cards for all earthquakes located by the WRSN since 1969 are available via
anonymous ftp on "geophys.washington.edu” in the pub/seis_net subdirectory. In addition, special
sub-directories; pub/kfalls and pub/woodburn; include locations, focal mechanisms, and local sta-
tion lists for the Klamath Falls and Scotts Mills, Oregon earthquake sequences.

We answer from 5-40 questions per day on Pacific Northwest seismicity and seismic hazards,
and give about a half-dozen lab tours or presentations each month for a wide variety of age groups;
students from elementary through post-graduate, retirees, science teachers, emergency educators,
etc. Requests for information increased after the Scotts Mills and Klamath Falls earthquakes in
Oregon in March and September, respectively.
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Seismicity
Two damaging earthquake sequences occurred in Oregon during this reporting period. Both
were unusual because they occurred in areas where damaging seismicity was unknown historically.
These sequences, near Scotts Mills (beginning in March, 1993) and Klamath Falls (beginning is
September, 1993), are discussed below.

The Washington Regional Seismograph Network processed 3,126 events between Oct. 1,
1992 and Sept. 30, 1993. Of these 2,425 were earthquakes or blasts within the network and the
remaining events were either regional earthquakes (156), teleseisms (545), or events too small to be
located.

Figure 1 shows earthquakes (M. 22.0) located in Washington and Oregon during this report-
ing period. Excluding blasts, probable blasts, and earthquakes outside the U. W. network, a total
of 1,572 earthquakes west of 120.5°W were located between Oct. 1, 1992 and Sept 30, 1993. Of
these, 373 were located near Mount St. Helens, which has not erupted since October of 1986. East
of 120.5°W, 174 earthquakes were located.

During this reporting period there were 32 earthquakes reported felt west of the Cascades,
and 1 reported felt east of the Cascades.

The Scotts Mills, Oregon Earthquake Sequence

A damaging M; 5.7 (M. 5.6) earthquake occurred about 20 km SE of Woodburn, OR on
March 25 at 13:34 GMT. The closest town to this earthquake was Scotts Mills, OR and is known
as the Scotts Mills sequence . Figure 2 shows a map view and two cross sections of the best-
located earthquakes from the Scotts Mills sequence. These earthquakes were relocated by Thomas
et. al. (1993) using additional readings from portable stations deployed by the USGS following the
mainshock. The earthquakes are at depths of 7-15 km, and lie in a plane which strikes N75W and
dips steeply to the NNE. The focal mechanism of the main shock (also shown in Fig. 2) is compa-
tible with this interpretation.

Damage was reported in the Polk, Washington, Clackamas, Marion, and Yamhill counties of
Oregon. Notable damage (according to the Portland Oregonian) included: cracking of the Oregon
state capitol rotunda and shifting of the "Oregon Pioneer" statue on the rotunda tower in Salem;
extensive damage to St. Mary’s Catholic Church in Mount Angel ($4 million to $6 million).
where bricks fell from 200 foot tower and walls separated from the roof; a 6 inch drop of the road-
way on the Yambhill River bridge River on Oregon 18 near Dayton because of the failure of rocker
bearings; damage to the Molalla Union High School south campus ($2 million) where bricks cov-
ering gables at the south end of the building fell, blocking the door; and structural damage to the
Forest Grove Fire Hall in Washington County and to the Salud Medical Center in Woodburn. The
USGS Preliminary Determination of Epicenters (12-93) lists Modified Mercalli Intensities for many
communities, and a preliminary intensity map appeared in an article entitled "March 25, 1993,
Scotts Mills earthquake - western Oregon’s wake-up call" by Madin, Priest, Mabey, Malone, Yelin
and Meier; Oregon Geology, Vol. 55, No. 3 (May, 1993). The mainshock was felt widely around
Portland and to the south of Portland, and was reported (in the Oregonian) to be felt from Seattle,
WA to Roseburg OR.

The Klamath Falls, Oregon Earthquake Sequence

Beginning on September 21, a highly unusual sequence of earthquakes occurred near Klamath
Falls, Oregon in an area which normally has no detectable seismicity. The 1993 Klamath Falls
earthquake sequence includes two events (M, 5.9 and 6.0) on September 21 that are among the
largest earthquakes to have occurred in Oregon in this century (the felt area of the 1936
Oregon/Washington border earthquake was larger). This sequence included a felt foreshock, the
two mainshocks, and many aftershocks. The initial foreshock, M, 3.9, was felt in the Klamath Falls
area at 03:16:55 GMT; followed twelve minutes later by the M, 5.9 earthquake at 03:28:55 GMT.
Sixteen aftershocks in the M, 2.4-3.8 range (including two felt M, 3.8 earthquakes at 04:16 and
04:34 GMT) were then recorded prior to the second mainshock (M, 6.0) at 15:45 GMT. A total of
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106 earthquakes M. 1.7 and larger located in the area by the end of September, and aftershock
activity continued in October. A preliminary report on this sequence was published in Oregon
Geology (Wiley et al., 1993).

Figure 3 is an epicentral plot showing the best-located earthquakes in the Klamath Falls area.
Because the Klamath Falls area lies between the areas covered by the WRSN and CALNET, AL
Qamar (UW) and K. Meagher (USGS) have recomputed locations by combining WRSN and CAL-
NET data and using data from portable instruments placed in the epicentral region the day after the
main shock. They used a velocity model based on the Modoc Plateau (Zucca et al., 1986, JGR, V.
9, pp. 7359-7382). Station corrections were determined using travel-time residuals from three
well-located aftershocks for which arrival-time readings were available from close-in portable sta-
tions.

The earthquake hypocenters occurred in several groups that were initially isolated from one
another. For example, the M, 6.0 earthquake occurred in a cluster S km northwest of the cluster
that included the earlier M, 5.9 earthquake. Fault plane solutions indicate that both main shocks
were normal faulting on north to northwest trending faults; one interpretation is that both earth-
quakes lie on different segments of the same fault zone. Two days after the main shocks another
fault zone became active near the western shore of Klamath Lake in an area that is 8 km east of
the primary fault zone. Unlike the primary fault zone which had earthquakes with foci up to 12 km
deep, the earthquakes along the western shore of Klamath Lake were very shallow.

Geologically, the Klamath Falls area lies at the westernmost extent of the Basin and Range
geomorphic province, and the current activity is along the western margin of the Klamath Graben;
in a down-dropped area bounded by normal faults. Focal mechanisms of both main shocks
correspond to normal faulting along northwest striking faults. In 1968 another basin and range
sequence occurred in southern Oregon in the Warner Valley near Adel, OR. Reports from geolo-
gists who examined the Klamath Falls area after the earthquakes indicate that although cracking
due to settling of unconsolidated material was observed, no evidence of primary ground rupture
was found.

Two deaths, one due to a rockfall triggered by the earthquake, and another from a heart
attack were attributed to the earthquakes. Damage was severe in the Klamath County Courthouse,
a hybrid building with several additions. Other notable damage included cracking of a highway
bridge over a canal on state Rt. 140 (probably due to settling), broken or cracked parapets in brick
buildings, fourteen broken display windows at "Yesterday’s Plaza" antique mall, and damage to the
Oregon Institute of Technology student union building (a modern building with an eccentric floor
plan). Many homes were also damaged, particularly masonry chimneys and veneer. This earth-
quake was located in a rural area where historic seismic activity was unknown. Based on geologic
similarity to areas to the east and south where seismic activity has occurred, Klamath County was
in the very earliest stages of developing emergency plans for earthquakes. Plans for rural areas
must consider problems such as dispersed population, sparse emergency resources, and a lack of
trained personnel to conduct building inspections. Aftershock activity has continued into October.

Reports and Articles

Benson, R., C.D. Lindholm, R.S. Ludwin, and A.I. Qamar, 1992, A Method for Identifying
Explosions Contaminating Earthquake catalogs: Application to the Washington Regional
Earthquake Catalog, Seis. Res. Lett., V. 63, No. 4, pp. 533-540.

Jonientz-Trisler, C. B. Myers, and J. Power, (in press), Seismic identification of gas-and-ash
explosions at Mount St. Helens: capabilities, limitations, and regional application, in
Proceeding Volume, First International Symposium on Volcanic Ash and Aviation Safety,
USGS Bulletin 2047.

Ludwin, R.S., A.l. Qamar, S.D. Malone, C. Jonientz-Trisler, R.S. Crosson, R. Benson, and S.
Moran (in press), Earthquake Hypocenters in Washington and Northern Oregon, 1987-
1989 and the Washington Regional Seismograph Network; Operations and Data Process-
ing, Washington State Dept. of Natural Resources, Information Circular 89, 45 p.

Univ. of Wash. Geophysics Program, 1993, Quarterly Network Report 92-D on Seismicity of
Washington and Northern Oregon
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G.L. Black, and R.E. Wells, 1993, Klamath Falls earthquakes, Sept. 20, 1993 -- Includ-
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Ludwin, R.S., S.D. Malone, A.I. Qamar, and R.S. Crosson, 1993 (in press), Operation of the
Washington Regional Seismograph Network, ESSSA meeting, Oct. 1993
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exchange of seismic data between international, national and regional networks using the
InterNet, EOS, Vol. 74, No. 16, p. 216.

Qamar, AJl, and KL. Meagher , 1993, The 1993 Klamath Falls, Oregon Earthquake
Sequence, Special Session, Fall 1993 AGU meeting
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Figure 1. Earthquakes larger than magnitude 2.0 between Oct. 1, 1992 and Sept. 30, 1993. Locations.
of a few cities are shown as white-filled diamonds. Earthquakes are indicated by filled symbols, where
the round symbols represent earthquakes at depths shallower than 30 km, and squares represent earth-
quakes at 30 km or deeper. Small "x" symbols indicate locations of seismometers operated by the
WRSN at the end of Sept. 1993 and shaded triangles show the position of Cascade Volcanos. See the
report on 1434-92-G-2195 for more information on stations.

25



I

> £
L3k seatte nne Molalla 515"
e . Scotis Mills 2
WASH. ! <
N
N
Mainshock
AR
i ESE
maaNiTupE | Silverton o |
alem | © 08-1.1 X AL
O 12-15 SSW
O 16-1.9 Nearest WRSN
> O 2.0 -23 Station
3 KM
= O 24 -27
p L1 1 1t |
N 44.85N O 2.8 -3.1 0 10 $so

(1:1 Ratio of
Strike-slip to
Reverse motion) hemisphere, equal area projection -
mechanisms.
SSw NNE
0[44.95N, Azimuth 15 degrees 10 KM
122.65W
MAGNITUDE
< o 0-09
Z lo 0 1.0-1.9
; i 7 O 20-29
= O 3.0-39
ui (O 4.0-49
O >5.0
20 )

Figure 2. Map view and cross sections of best-located earthquakes
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The New England Seismic Network

John E. Ebel
Weston Observatory
Department of Geology and Geophysics
Boston College
Weston, MA 02193
(617) 552-8300
EBEL@BCVMS.BCEDU

Program Element 1
Investigations

The operation of a regional seismic network to monitor earthquake
activity in New England and vicinity is supported under this project. The
purpose of this earthquake monitoring is to compile a complete database of
earthquake activity in New England to as low a magnitude as possible in
order to understand the causes of the earthquakes in the region, to assess
the potential for future damaging earthquakes, and to better constrain the
patterns of strong ground motions from earthquakes in the region. The
New England Seismic Network (NESN) is cooperatively operated by Weston
Observatory of Boston College and the Earth Resources Laboratory of the
Massachusetts Institute of Technology (MIT).

Network Status

Weston Observatory was operating 23 seismic stations spread
throughout New England through September 30, 1993, and in addition MIT
was operating 9 seismic stations in New Hampshire and Massachusetts
during this same time period. Nineteen of the Weston Observatory NESN
remote seismic stations were single-component (vertical) stations (1 Hz
velocity transducer geophones) linked via analog telephone telemetry to
Weston Observatory where event triggering and recording is being done on
a PC computer. The three other remote stations (at Moodus, CT, Gaza, NH
and Milo, ME) are new PC-based stations, with digitizing and event
triggering at the remote site and data telemetry via dial-up telephone
connections. All three of these stations have three-component 1-Hz force-
balanced sensors which are somewhat broader band than the standard
velocity transducer. During the fall of 1993 Weston Observatory began to
purchase the equipment for 15 new PC-based stations to replace the
analog stations which lost their telemetry on October 1, 1993. Each of
these new stations, to be operated jointly by Weston Observatory and by
MIT, will be comprised of a three-component set of broad-band sensors
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(peak sensitivity in the 30 sec to .03 sec period range), a 16-bit A/D
system, a PC capable of recording both individually triggered events and
7-days continuous data, and a modem for dial-up telephone telemetry to
the central recording sites (Weston Observatory and the Earth Resources
Laboratory at MIT). Initial deliveries and testing of the new equipment is
being conducted during the fall of 1993 and winter of 1994, with the first
station installations expected to be complete by the spring of 1994. The
total coverage of these new PC stations combined with that of the U.S.
National Seismic Network (USNSN) stations will be equivalent to that
operating in New England prior to 1993.

Weston Observatory and MIT continue to archive independently the
waveform data for the seismic stations which they have operated.
However, each institution now has the capability to convert these
waveforms to SAC format for external distribution, and ftp accounts are
available at each institution for easy external access to the waveforms as
well as the event location data. For the Weston Observatory data, both
location files (with .XX extensions) and station waveforms in SAC format
(the file name prefixes are the date, day of year and time of the record and
the extension is the station name), one connects via ftp to BCINFO.BC.EDU,
username: ANONYMOUS, password: GUEST. The files are in a subdirectory
named [FTP.EBEL].

There are now 4 USNSN stations in New England in addition to the
Weston Observatory/MIT regional network stations. A USNSN satellite
receiver has been installed atop Weston Observatory, and it will be made
operational to receive the USNSN data during early 1994. Weston
Observatory will act as a regional node with the capability of receiving and
transmitting USNSN data.

Seismicity

Figure 1 shows the local and regional earthquakes recorded by
Weston Observatory from October 1, 1992 to September 30, 1993. A total
of 29 local earthquakes from New England and vicinity with magnitudes
from 1.6 to 4.0 were detected and located by the network, five of which
were felt. In addition to these events, a number of microearthquakes and
suspected events, too small to be located, were detected by the network.
Significant earthquakes during this time period included a mpg(f)=3.4
earthquake at Franklin, NH on October 6, 1992 which was felt throughout
central New Hampshire. A small earthquake (ng(f)=1.7) was felt by a
few people at Littleton, MA, while a myg(f)=2.7 event was widely felt
south of Boston on July 28, 1993. Perhaps most significant in the
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seismicity was that a total of 6 earthquakes were detected and located in
northeastern Massachusetts during this reporting period. The earthquakes
were spread along the trend of the Clinton-Newbury and Bloody-Bluff fault
systems in Massachusetts, suggesting that there may be an association
between the modern earthquake activity and these faults. Since all of
these Massachusettsevents were quite small, there were insufficient first
motion data to compute focal mechanisms. The largest event detected
during the year was a mpg(f)=3.4 shock centered 80 km NE of Ottawa,
Ontario in Canada.

Publications

Ebel, J.E., Bollinger, G.A., and Herrmann, R.B., Historic and Recent Seismicity,

Chapter 2 in Earthquake Hazard Assessment in the Central and Eastern
United States, in press, 1993.

Ebel, J.E., Boston Loss Analysis Study, Proceedings from Earthquakes in the

Northeast - Are We Ignoring the Hazard? A Workshop on Earthquake

Science and Safety for Educators, National Center for Earthquake
Engineering Research, State University of New York at Buffalo, Buffalo, N.Y.,

Technical Report NCEER-93-0005, pp. 2-23 to 2-25, April 2, 1993.

Abstracts

Ebel, J., Focal Depth Constraint of New England Earthquakes from Regional
Seismic Network Seismograms, EOS, Trans. Amer. Geophys. U., vol. 74, No.
43, p. 401, Supplement, 1993.

Ebel, J.E. and R. Hon, The Upper Mantle Boundary Between Grenville and
Avalon in New England, Seismic Evidence and Petrologic Implications,
Abstracts with Programs, The Geological Society of America (GSA), Annual
Meeting, Boston, MA, p. A-178, 1993.

Feng, Q. and J.E. Ebel, Determination of Rupture Duration and Stress Drop
for Earthquakes in New England, Seism. Res. Lett., vol. 64, in press, 1993.

Ebel, J.E. and R. Bedell, A Seismic Hazard Study for the State of Maine,
Seism. Res. Lett., vol. 64, in press, 1993.

Ebel, J.E. and L.H. Klotz, (Invited), Regional Seismic Monitoring in New
England: The Public Needs, EOS, Trans. Amer. Geophys. U., vol. 74, No. 16,
p. 288, Supplement, 1993.
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Ebel, J.E. and J.A. Spotila, (Invited), The Relationahip Between Earthquakes

and Regional Geology in New England, EQS, Trans, Amer. Geophys. U,, vol.
14, No. 16, p. 288, Supplement, 1993.

Nishenko, S.P., J. Ebel and D. Perkins, New England Earthquake Hazard
Estimates, EOQS, Trans. Amer. Geophys. U., vol. 74, No. 16, p. 216,
Supplement, 1993.

Ebel, J.E., Analysis of Maine Seismic Refraction Profile Data in Western
Maine, Seism. Res. Lett., vol. 64, p. 39, 1993.

Ebel, J.E. and A.L. Kafka, The August 22, 1992 mb=4.8 Coastal New Jersey
Earthquake: An Unusual Low Frequency Earthquake, EQOS, Trans. Amer.
Geophys. U., vol. 73, No. 43, p. 354, 1992.
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Figure 1. Seismicity recorded and located by the New England Seismic
Network of Weston Observatory of Boston College from October 1, 1992 to

September 30, 1993.
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9950-10305
Seismic Network Data Collection and Analysis I, II
J.S. Gomberg, S. Brockman, E. Cranswick, M. Meremonte, T. VanDreser
Branch of Earthquake and Landslide Hazards
U.S. Geological Survey
Box 25046, MS 966, Denver Federal Center
Denver, CO 80225
303-273-8574, gomberg@gldvxa.cr.usgs.gov

Investigations
This project was comprised of three separate studies. The common thread linking these
studies together is that they all involve deployment and operation of seismic network
instrumentation and analysis of seismic network data.

1) Development of seismic network data integration tools - Element I11.2. The objective of this
study was to develop and distribute hardware and software systems that facilitate seismic
network data acquisition and analysis. We focused on the development of systems that allow for
the integration of data from a wide range of field instrumentation, data formats, and computer
technologies.

2) Investigation of Slumgullion landslide faults as analogs to crustal-scale faults - Element II.3.
This was a pilot study to investigate the possibility that faulting observed in landslides might be
analogous to crustal-scale faulting. The initial motivation for the study was the observation that
the morphology associated with faulting is very similar in both landslides and on a crustal-scale.
If it could be demonstrated that landslide faults behaved like crustal faults in other aspects, then
studies of them might prove useful in advancing our understanding of crustal faulting and
earthquake mechanics. The advantages of studying landslide faults relative to crustal faults is
that the rate of deformation is approximately 200 times faster and the spatial scales are an order of
magnitude smaller. Thus, field observations could be made much more quickly and simply. Our
pilot study focused on a major landslide-bounding strike-slip fault on the Slumgullion landslide
located in southwest Colorado. It included the deployment of a buried high-resolution digital
creepmeter, a seismic network consisting of a digitally-recording phased-microarray and four
analog seismographs, and geodetic surveying using GPS and optical technologies. We
collaborated with scientists from the University of Colorado, Boulder.

3) Studies of the Little Skull Mountain, Nevada earthquake sequence - Element 1.1,11.2,11.4. This
study examined various aspects of the Mg=5.4 June 29, 1992 Little Skull Mountain (LSM),
Nevada earthquake.

a. We collected and examined the evidence for remote triggering of the LSM earthquake by the
Landers, CA earthquake. This evidence included seismic network catalog information and
seismic data from the USNSN. Hypotheses about various mechanisms that might cause
remote triggering were tested through theoretical modeling studies.

b. A portable seismograph network was deployed immediately following the LSM earthquake.
Because of the abundance of local sources, low noise environment, and relatively simple basin
structures in the area, a phased-microarray was deployed as part of the network for the
purpose of investigating site response characteristics.

c. Data from many thousands of earthquakes preceding and following the LSM earthquake were
analyzed so that hypocenters, focal mechanisms, and magnitudes could be estimated. These
estimates were used to characterize the pattern of faulting and strain release that occurred during
the LSM earthquake sequence. Data were obtained from the Southern Great Basin Seismic
Network and a number of other adjacent regional networks, and from a network of portable
seismographs deployed in the epicentral region.

Results
1) Development of seismic network data collection/integration tools - Element I1.2.
a. Programs for real-time acquisition and analysis of data from the newly installed U.S. National
Seismograph Network (USNSN) station TPNV were developed and used.
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I, II

b. Computer programs developed for use of USNSN telemetry were distributed to regional
seismic network operators.

c. A PC-based hardware system for field acquisition and analysis of data from a variety of
portable digital seismographs was designed and procured. Computer software for retrieving
and analyzing data from portable digital seismographs was also developed for use in the field
and office.

2) Investigation of Slumgullion landslide faults as analogs to crustal-scale faults - Element II.3.
We demonstrated that landslide faulting shares many similarities with crustal-scale faulting and
that it is feasible to collect a useful dataset using conventional instrumentation in a relatively’short
time (approximately one week). Analyses of data collected indicate the following characteristics
of landslide faults.

a. Landslide faults creep at a steady rate modified by seasonal changes, similar to those observed
on the San Andreas fault.

b. Landslide faults can store elastic strain energy as evidenced by creep events induced by several
nearby small chemical explosions.

. A variety of seismic signals were recorded. Some of these are clustered temporally and
spatially and most probably are generated by landslide faulting.

d. Accurate GPS displacement vectors and rates were consistent with other observations. This
suggested that use of GPS in landslide studies might eliminate the need for time-consuming,
spatially-limited, conventional surveying.

e. Geodetic observations indicate block-like motion in the vicinity of the major slide-bounding
fault.

3) Studies of the Little Skull Mountain, Nevada earthquake sequence - Element 1.1,11.2,11.4.

a. We concluded that the LSM earthquake was triggered by the Landers, CA earthquake.
Analyses showed the channeling of strain energy within a continuous band, manifest as
seismic and aseismic signals, extending from the Landers to the LSM epicenters. We
concluded that both static and dynamic strain changes associated with the Landers earthquake
alone are too small to trigger failure. This suggests that the faults that produced triggered
earthquakes must be pre-strained to near-failure levels and/or that other processes must be
significant in causing remote triggering.

b. Analysis of phased-microarray data indicate that seismic ray paths can be quite irregular, even
in relatively simple structures. This appears to result in considerable focusing of energy and
thus amplification of ground motion.

c. The LSM earthquake appears to be a steeply-dipping normal-faulting event, typical of other
moderate Basin and Range earthquakes. The surface trace of the probable rupture plane is
within a sediment-filled basin and may corroborate other geophysical evidence for a buried
fault beneath the basin. The post-seismic pattern of strain release was complex, showing a
mixture of normal and strike-slip faulting on more than one rupture plane.

Reports
1) Development of seismic network data collection/integration tools - Element I1.2.
No official reports or publications resulted from this work.

2) Investigation of Slumgullion landslide faults as analogs to crustal-scale faults - Element I1.3.

Published

Bodin, P., W. Savage, J. Gomberg, Denver, M. Jackson, (1993), The Slumgullion Earthflow:
An Analog to Crustal-Scale Tectonics?, EOS, American Geophysical Union Transactions, 74,
p. 67.

Gomberg, J., W. Savage, P. Bodin, M. Meremonte, E. Cranswick, B. Kindel, T. Pratt, R.
Williams, T. Bice, D. Overturf, P. Powers, J. Savage (1993), The Slumgullion Earthflow:
Slidequakes and Creep, EOS, American Geophysical Union Transactions, 74, p. 67.

3) Studies of the Little Skull Mountain, Nevada earthquake sequence - Element 1.1,I1.2,11.4.
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Published or in Press

Bodin, P. and J. Gomberg (1993). Triggered Seismicity and Deformation Between the Landers,
California, and Little Skull Mountain, Nevada, Earthquakes, in press in Bulletin of the
Seismological Society of America, 11 p.

Bodin,P., R. Bilham, J. Behr, J. Gomberg, K. Hudnut (1993). Slip Triggered on Southern
California Faults by the Landers Earthquake Sequence,in press in Bulletin of the Seismological
Society of America, 13 p.

Brockman, S., J. Brooks, D. Carver, E. Cranswick, J. Duggar, J. Gomberg, S. Harmsen, M.
Meremonte, D. Overturf, K. Shedlock, T. VanDreser, D. Worley, R. Banfill (1992). The June
29, 1992 Little Skull Mountain, Nevada earthquake, EOS, American Geophysical Union
Transactions, 73., p. 355.

Cranswick E., M. Meremonte, D. Worley, J. Gomberg, D. Carver, J. Brooks, S. Harmsen, J.
Duggar, T. VanDreser, R. Banfill, C. Early (1992). Phased micro-Array recordings of
aftershocks of the 29 June 1992 Little Skull Mountain (NTS) earthquake, EOS, American
Geophysical Union Transactions, 73, p. 338.

Gomberg, J. and P. Bodin (1993). Triggering of the Little Skull Mountain, Nevada Earthquake
with Dynamic Strains, in press in Bulletin of the Seismological Society of America, 12 p.

Hill, D., P. Reasenberg, A. Michael, W. Arabasz, G. Beroza, D. Brumbaugh, J. Brune, R.
Castro, S. Davis, D. dePolo, W. Ellsworth, J. Gomberg, S. Harmsen, L. House, S.M.
Jackson, M. Johnston, L. Jones, R. Keller, S. Malone, L. Munguia, S. Nava, J. Pechmann,
A. Sanford, R. Simpson, R. Smith, M. Stark, M. Stickney, A. Vidal, S. Walter, V. Wong, J.
Zollweg, (1992), Seismicity remotely triggered by the Magnitude 7.3 Landers, California
earthquake, Science, 260,1617-1623.

Meremonte,M., E. Cranswick, J. Gomberg, and the U.S.G.S. Little Skull Mountain Aftershock
Investigation Team (1993). Report on Seismologic Field Investigations of the 29 June 1992
Little Skull Mountain Earthquake, U.S. Geological Survey Open-file Report, 35 p.

Reasenberg, P., D. Hill, A. Michael, R. Simpson, W. Ellsworth, S. Walter, M. Johnston, R.
Smith, S. Nava, W. Arabasz, J. Pechmann, J. Gomberg, J. Brune, D. DePolo, G. Beroza, S.
Davis, J. Zollweg, (1992) Remote seismicity triggered by the M7.5 Landers, California
earthquake of June 28, 1992, EOS, American Geophysical Union Transactions, 73, p. 392.

In review

Meremonte, M., J. Gomberg, and E. Cranswick (1993). Constraints on the June 29, 1992
Little Skull Mountain, Nevada Earthquake Sequence Provided by Accurate Hypocenter
Esimates, Bulletin of the Seismological Society of America, 8 p.

Harmsen,S.C. (1993), The Little Skull Mountain, Nevada, Earthquake of June 29, 1992:
Aftershock Focal Mechanisms and Tectonic Stress Field Implications, Bulletin of the
Seismological Society of America, 28 p.

Other

The Little Skull Mountain Earthquake Investigation Team, U.S.G.S. Branch of Earthquake and
Landslide Hazards Little Skull Mountain Nevada Earthquake of June 29, 1992 Data Package
(1993), Report and data submitted to the USGS-Yucca Mountain Project Office, approx. 300

P.
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Central California Network Operations

9930-10093
9930-15093
9930-57093

Wes Hall
Branch of Seismology
U.S Geological Survey
275 Middlefield Road-Mail Stop 977
Menlo Park, California 94025
(415) 3294730

Investigations

Maintenance and recording of 361 seismograph stations (504 components) located in Northern California,
Central California and Oregon. Also recording 71 components from other agencies. The area covered is
from Southern Oregon, south to Santa Maria.

Results

1. Site maintenance visits 565

2. Bench Maintenance Repair

A. seismic VCO units 290
B. summing amplifiers 33
C. seismic test units 07
D. VO2H/VO2L VCO units 53
E. dc-dc converters 18
3. Production/Fabrication
A. J512A VCO units 116
B. J512B VCO units 04
C. summing amplifier units 26
D. lithium battery packs 121
F. seismometer housing/cable 46

4. Rehabilitation:

VCO enclosures 46
5. Computer site map plots
A. new 23
B. update 52
6. Discriminator repair and tuning (J120) 725 ea.

7. Revised and updated documentation on all wiring from telco input to discriminator output.
(cusp, RTP, Motorola, PC, helicorder, etc).

8. Ordered parts for 220 ea J120 discriminators
9. Equipment Shipped:

A. Cal Tech, Pasadena
a. 54 ea. J512A vco's
b. 06 ea. J512B vco's
c. 100 ea. J120 discriminators
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B. Mammouth, Seismic PC system
a. 18 ea. J120 discriminators
b. 01 ea. Wired discriminator rack
c. 01 ea. power supply
d. 01 ea. J. Ellis TCG

C. Pacific Tsunami Warrning System (NOAA)
a. 01 ea. J120 discriminator

D. CVO
a. 16 ea. J120 discriminators

E. Lawrence Livermore National Laboratory
a. 16 ea. J120 discriminators
b. 01 ea. discriminator rack
c. 16 ea. tuned VO2H vco's

F. Hartnell College
a. 02 ea. J120 discriminators

G. San Juan Bautista Visitor Center
a. 02 eaa J120 discriminator

H. Chabot Observatory
a. 01 ea. J120 discriminator

10. New installations

CNIE, CNIV (Niles Canyon)

MDRE, MDRN (Doe Ridge)

MEME, MEMN (East Mammoth)

MRHE, MRHN, MRHV, MRHZ (Rocky Hill)
LAC (Anderson Creek)

KEBYV, KEBZ (Edson Butte, OR)

VSP (Spence Mountain, OR)

VRC (Rainbow Creek, OR)

MDPR (Devil's Postpile Dilatometer)

SmQmmuowe

11. Stations discontinued.

A. HQRE, HQRN, HQRYV, HQRZ (Quien Sabe Road)
B. CPL (Palomares Road)

12. Supplied support for Refraction Experiments.

13. Provide technical support and maintenance on 7 visual recorders located in Northern Calif.
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3D Dynamic Modeling of Earthquakes and Segmented Faults
9960-10446

Principal Investigator:
Ruth A. Harris

U.S. Geological Survey
Mail Stop 977, 345 Middlefield Road, Menlo Park, CA 94025
(415) 329-4842
email: harris@jog.wr.usgs.gov
Program Element I

Investigations Undertaken:

During FY93 I investigated both static and dynamic stresses generated by earthquakes and their
role in determining the locations and sizes of future events. My studies of dynamic stresses
involved using three-dimensional numerical simulations to determine how fault geometry can
control the rupture length and therefore the size (magnitude) of strike-slip earthquakes. The goal
of this work is to determine what allows some strike-slip earthquakes to remain small or
moderate-sized events, whereas other earthquakes cascade into much larger and more devastating
events. This study has direct applications to numerous scenarios, including the recent M7.4
Landers, California earthquake. The Landers earthquake jumped across previously defined fault
segment boundaries and cascaded from a predicted M6.5 earthquake into a much larger M7.4
earthquake with a 70 km rupture length and up to 6 meters of strike-slip offset.

My studies of static stress changes are in collaboration with Robert Simpson and involve
analyzing how static stress changes generated by moderate to large earthquakes can affect nearby
faults. This work has included analyzing the static stress changes generated by the 1992 M7.4
Landers, California earthquake. We have also begun an analysis of the static stress changes
generated by the 1857 M8 Ft. Tejon, California earthquake, the largest known historical
earthquake in California.

Results:

My results for the dynamic modeling during FY93 include a three-dimensional model for the
next large earthquake on the San Jacinto fault. This model was initially applied to the San
Jacinto Valley region to determine if the next ‘Anza Gap’ earthquake might cascade into a larger
event by rupturing towards San Bernardino. Initial geological and seismicity studies of the faults
near San Jacinto Valley had indicated that the two faults bounding the valley were vertical and
separated by a 4-km wide stepover. If this were the case, then my numerical models, combined
with the historical earthquake record indicate that the next Anza Gap earthquake should not jump
between the two faults and should be the expected magnitude. More recent studies (Magistrale
and Sanders, EOS Trans. AGU, Vol. 74, 1993) though are showing that the valley may actually
be underlain by a single fault, and that the two faults at the earth’s surface actually merge at
depth. If this is the case, then it appears that the stepover may not stop the next Anza Gap
earthquake from cascading into a larger than expected earthquake. Numerical simulations of this
late-breaking information will continue into FY94, as will applications to the San Jacinto fault
further north, where Magistrale and Sanders find a 3-km wide right step.
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Harris
Results (continued):

Research in FY93 also includes the start of a dynamic fault model for the 1992 Landers
earthquake. This earthquake is the first case of an earthquake jumping between fault segments
where sufficient data was collected to analyze the rupture process in detail. I am concluding that
my numerical modeling results are consistent with what occurred during the Landers earthquake,
and that the numerical results do indeed have potential applications for earthquake-size
prediction. This result will be published in FY94.

My results for the static modeling during FY93 (in collaboration with Robert Simpson) include
models for the effects of the M7.4 Landers earthquake on nearby southern California faults. We
concluded that the Landers earthquake advanced the next large earthquake on the San Bernardino
and Coachella Valley segments of the San Andreas fault and delayed earthquakes (although by
not as long) on the Mojave segment. This earthquake also produced considerable static stress
changes on the northern segments of the San Jacinto fault, and on faults to the north of Landers.
Our results for the great 1857 earthquake indicate that the static stress changes generated by this
earthquake may have ‘shut off’ large earthquakes on faults which were relaxed for up to 50 years
after the great event.

Reports Published (12):

Harris, R.A., and S.M. Day, Dynamics of fault interaction: parallel strike-slip faults, J. Geophys.
Res., v. 98, 4461-4472, 1993.

Harris, R.A., S.M. Day, and T.K. Rockwell, A 3-D dynamic rupture model of fault
segmentation- with applications to the next Anza Gap earthquake (abstract), EOS Trans.
AGU, v. 73, p. 389, 1992.

Harris, R.A., and R.W. Simpson, Changes in static stress on southern California faults after the
1992 Landers earthquake, Nature, v. 360, p. 251-254, 1992,

Harris, R.A., and R.W. Simpson, Static stress changes on southern California faults after the
1992 Landers earthquake, (abstract), EOS Trans. AGU, v. 73, p. 373, 1992.

Harris, R.A., and R.W. Simpson, Stress caused by the 1992 Landers earthquake, in Landers,
earthquake and aftershocks, ed. by R.E. Reynolds, San Bern. Co. Mus. Assoc. Quarterly, v.
40, p. 60-63, 1993.

Harris, R.A., and R.W. Simpson, In the shadow of 1857; an evaluation of the static stress
changes generated by the M8 Ft. Tejon, California earthquake (abstract), EOS Trans. AGU,
v. 74, p. 427, 1993.

Nicholson, C., R.A. Harris, and R.W. Simpson, Changes in attitude, changes in latitude: what
happened to the faults in the Joshua Tree area before and after the M7.4 Landers mainshock
(abstract), Seism. Res. Lett., v.64, p. 34, 1993.

Pollard, D.D., and R.A. Harris, Quasi-static and dynamic stress changes during faulting:
Implications for paleoearthquake identification (abstract), GSA Abstracts, October 1993.
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Reports Published (continued):

Roeloffs, E., and R. Harris, What will stop the next Parkfield earthquake? (abstract), EOS Trans.
AGU, v. 73, p. 407, 1992.

Simpson, R.W., and R.A. Harris, Estimates of ongoing stress redistribution on southern

California faults after the Landers earthquake (abstract), EOS Trans. AGU, v. 73, p. 373,
1992,

Simpson, R.W., and R.A. Harris, A model of active faults in southern California for calculating
static stress changes after earthquakes (abstract), EOS Trans. AGU, v. 74, p. 428, 1993.

SCEC Working Group on the Probabilities of Future Large Earthquakes in Southern California,

Future seismic hazards in southern California: Phase I - Implications of the Landers
earthquake sequence, 42 p., 1992.
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I,II,III
EARTHQUAKE SOURCE AND EFFECT STUDIES
9950-10255,62255,14255,12255,11255
S. H. Hartzell, A. M. Rogers, C. Langer, S Harmsen, D. Carver

Branch of Earthquake and Landslide Hazards
U.S. Geological Survey
Box 25046, MS 966, Denver Federal Center
Denver, CO 80225
(303) 273-8572

Main Program Elements 1.2, I1.2, IT1.2
Investigations

1) Finite-fault, waveform inversion techniques are used to calculate the rupture histo-
ries of five eastern North American earthquakes (ENA): January 9, 1982 New Brunswick;
October 5 and December 23, 1985 Nahanni; November 25, 1988 Saguenay; and December
25, 1989 Ungava earthquakes.

2) A hybrid, global search algorithm is developed for solution of nonlinear, multipa-
rameter inverse problems and applied to the determination of earthquake source parame-
ters, in particular the 1992 Landers, California, earthquake.

3) Ground motion records for a dense array of instruments on Robinwood Ridge,
California, are studied to determine site and topographic effects for aftershocks of the
1989 Loma Prieta earthquake.

4) Modeling of a two-dimensional fault composed of patches with uniform statistical
properties by Monte Carlo simulation and fitting of this model to smoothed peak acceler-
ation data.

5) Spatial and temporal distributions of the central Peru subduction zone seismicity
(1966 - 1991) including the aftershocks of the 1974 Mw8.1 Peru earthquake are examined.

6) Rupture history and fault complexity of the 23 November 1977 western Argentina
earthquake are examined.

7) Little Skull Mountain, Nevada, earthquake. Focal mechanism solutions for the
mainshock and 84 aftershocks were analysed using a stress-field inversion program to de-
termine the best-fitting reduced stress tensors that describe the focal mechanism data.

8) New Madrid Seismic Zone earthquake simulation. The main objective of this study
is to predict strong ground-motion parameters, such as PHA and PHV, that could be
associated with a M 6.5 earthquake in the NMSZ, using plausible source scaling parameters,
path and site attenuation and amplification factors, and stochastic slip with specified
wavenumber transform when modeling various rupture scenarios on a 2-dimensional fault.
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I, II, III

Results

1) Digital, world-wide records of P and SH waves are used to invert for rupture histories
of the recent, larger, eastern North American (ENA) earthquakes. The data include a broad
bandwidth to facilitate recovery of both source details and total moment. The inversion
formulation allows estimates to be made of rise time and slip velocity, in addition to the
spatial distribution of slip. Static stress drops averaged over the entire rupture surface
range from a few tens of bars to just over 100 bars and are similar to values estimated for
western United States earthquakes. Estimates of stress drop for spatially limited asperities
are in the range of a few hundred bars, with the value for the Saguenay earthquake asperity
being the largest. The variaiton in stress drop is considerable, but no evidence is seen for
a scaling relation in which stress drop increases with moment. Maximum slip velocities
also have a wide range, with the Saguenay and October 5 Nahanni earthquakes producing
significantly larger values. Of the events studied, the Saguenay earthquake is unique in
terms of its greater depth, spatially concentrated source, and large asperity stress drop.

2) Many interesting inverse problems in geophysics are nonlinear and multimodal
(having many local minima). By combining simulated annealing with the downhill simplex
method, a hybrid global search algorithm is obtained for these highly nonlinear problems.
The hybrid algorithm shares the advantages of both local search methods that perform
well if the local model is suitable and global methods that are able to explore the full model
space efficiently. The hybrid algorithm also utilizes a larger and more complex memory to
store information about the objective function than conventional simulated annealing. The
new method has been shown to outperform simulated annealing and genetic algorithms
for 1D acoustic waveform inversion problems.

The hybrid global search method is used to determine earthquake source parameters by
the inversion of teleseimic waveform data. Desirable time-domain constraints, inversion for
double-couple parameters rather than moment tensor elements, and inclusion of multiple
sources lead to a nonlinear problem. Traditional approaches to this problem using iterative
least squares are dependent on the starting model and the order in which sources are
processed, and converge to local minima. The hybrid global method converges to the
gobal minimum of a prescribed objective function. A three point-source parameterization
of the 1992 Landers earthquake is used as an example. Parameters from the inversion are
consistent with field observations and the moment release function is consistent with the
observed spatial distribution of slip.

3) Following the 1989 Loma Prieta earthquake a dense array of 7 digitally-recorded,
3-component seismograph stations was deployed on Robinwood Ridge 7.3 km northwest
of the epicenter. The purpose of this array was to investigate the cause of high levels of
structural damage and ground cracking observed on the ridge crest. Aftershocks recorded
by the array allow a comparison of ground motion up the slope of the ridge from the base
to the crest. Interference between incident and diffracted waves causes a complex pattern
of ground motion. An amplification factor of from 1.5 to 4.5 is seen for frequencies with
wavelengths comparable to the base of the ridge, part of which may be caused by local site
effects and part by topographic amplification. In addition, amplifications of up to a factor
of 5 are seen at higher frequencies and are attributed to local site effects.
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4) We investigated a 2-D source model to confirm behavior previously observed in
smoothed representations of peak acceleration data. Our purpose was to imporve our un-
derstanding of the basic properties of the peak acceleration data with a view to developing
more reliable functional forms with which to represent peak acceleration attenuation. A
fault rupture model composed of uniform-sized patches with uniform statistical properties
was used to perform Monte Carlo simulation of peak acceleration for a range of magni-
tudes and distances. The model parameters are the mean and standard deviation of peak
acceleration very near the patch, the patch size, a lower-limit cutoff for station accelera-
tions (intended to simulate sampling bias due to triggering threshold), a peak acceleration
upper-limit threshold for patches (intended to a simulate the effect on peak acceleration
of a rock strength limit), anelastic attenuation, and approximate peak-acceleration site
effects. This earthquake source model, in contrast with earlier point-source stochastic
models, produces peak-accelerations that saturate with magnitude at some distances and
display distance-dependent saturation, as has been observed in the data. The model also
reproduces distance-dependent reduction in scaling, that we previously hypothesized as
due to sampling bias produced by an instrument-triggering threshold. Parameter varia-
tion studies and tuning of the model to fit observed data behavior allowed us to narrow
the range of likely values of the parameters, although this is not the main point of the
study. The patch distribution mean, for example, is most likely in the range 0.6-1.0 g,
the distribution standard deviation is in the range 0.3-0.4 log units, patch size need be no
greater than 3 km, and path anelastic attenuation, k, appears to be magnitude dependent,
ranging from 0.012 at magnitude 4 to 0.001 at magnitude 8. The complexity of peak accel-
eration behavior demonstrated by the data and confirmed by our model suggests that more
complex regression models than have often been used in the past are required to fit the
data. At the very least, distance-dependent magnitude scaling is required and a reasonable
case can be made for magnitude-dependent anelastic attenuation. Furthermore, the data
are biased by sampling restrictions, and, hence, fitting the data with models inadequate
to represent these behaviors will produce predictions that are also biased. The prediction
of peak acceleration is probably best accomplished by empirical, smoothed representations
of the data in graphs or tables that have the sampling bias minimized, as in our earlier
study or by model results that could be produced by this model. For example, to pro-
duce unbiased predictions one would fit the model to the data with a lower-limit threshold
to establish to model parameters, but remove the lower-limit threshold when computing
unbiased predictions.

5) The eight years of regional earthquakes that preceded the 1974 Peru earthquake
were entirely downdip of the shallow-dipping subduction interface of the main shock. The
largest earthquake of this preseismicity (Mg 6.1, h = 80 km, Jan 5, 1974) was a normal-
faulting event located directly east of the main shock. Of the preseismicity, 5 events were
located at the downdip edges of the eventual ruptures of the Oct. 3 (Mw8.1) and Nov. 9
(Mw7.1) earthquakes. ‘

The aftershocks, relocated (JHD) using data from a temporary regional seismograph
netweork, remain among the best observed of any circum-Pacific subduction earthquake.
Many of these aftershocks were concentrated near the downdip edge of the main shock
rupture and further downdip beneath the Peruvian coast. Rupture maps for the main
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shock (Hartzell and Langer, 1994) suggest that there must have been significant motion
of the Nazca plate into the zone of plate bending at the Peru-Chile trench. Nevertheless,
no aftershocks were observed near the trench and it is concluded that the rapid bending
there must be aseismic. The many aftershocks downdip of the plate hinge (where the plate
steepens by about 20°) suggest that there was motion along that steeper plate section.
However, no aftershocks seem to be associated with the hinge area indicating that plate
motion through the hinge also occurred aseismically.

6) Inversion of teleseismic, WWSSN, P- and SH waveforms provides estimates of
slip distribution for the 23 November 1977 western Argentina earthquake. The inversion
method uses a parameterization of the fault model allowing for multiple, sequential, rupture
intervals that discretize the source rise-time and rupture time. Because there was no
observed surface rupture, we used well-located aftershocks (determined by data from a
local network) and mapped surficial geology to help constrain the model geometry. Several
models have been tested with the most favorable being in two segments, the north segment
is 40 km long and strikes at 345° while the south segment is 90 km long and strikes at 10°.
Both segments dip to the east at 45°.

7) Well-constrained focal mechanism solutions were obtained for the Little Skull Mtn
mainshock and 84 of the largest aftershocks from June 29 to Sept 24, 1992, yielding predom-
inantly normal slip solutions for about 70% of these earthquakes, including the mainshock.
Inputting these solutions into a stress-field inversion program written by John Gephart
gives a range of plausible reduced stress tensors each of which could be associated with
these mechanisms. This range includes strike-slip tensors and normal slip tensors, with
slightly better but not statistically significant improvement associated with a normal-slip
stress tensor (near vertical o1). Several of the focal mechanisms have shallow-dipping
(< 30°) nodal planes, which are selected by the inversion as the best-fitting nodal planes
to all of the best-fitting reduced stress tensors, suggesting the possibility of seismic failure
on relatively shallow-dipping faults during the aftershock sequence. It is suggested that
fluid pore pressures were increased in portions of the response zone for a period of time,
on the order of a few weeks, inducing slip on fault segments that would be considered
misoriented when using a standard Coulomb failure criterion and assuming =~ hydrostatic
pore pressures. (Also, earlier geologic investigations suggested that LSM is in a left-lateral
strike-slip fault domain. The LSM mainshock and aftershocks, while not sufficient evi-
dence to refute this model, are more consistent with a normal-slip fault domain, and more
recent geologic investigations are apparently concluding that the strike-slip fault domain
hypothesis is based on 12-10 million year old movement, and is not supported by more re-
cent indicators, which are normal-slip. Such characterizations are important because LSM
is about 20 km from the nation’s only potential high-level, long-term civilian radwaste
repository, at Yucca Mtn, Nev.)

8) A magnitude 6.5 earthquake at Risco, Missouri has been modeled. The fault plane
extends the preferred nodal plane of the May 4, 1991, Risco, Missouri earthquake to an area
that is appropriate to the larger-magnitude event. The slip distribution on the hypothetical
fault is obtained by wavenumber filtering of random Gaussian noise, in an application of
W. Joyner’s simulate computer program. The source time function is of the Kostrov type,
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with a corner-frequency proportional to the fault width. Unilateral rupture is specified
in order to maximize the azimuthal effect of source directivity. Records of acceleration
associated with this source and various s models at various real sites, including Reelfoot
Dam, and hypothetical sites distributed around the fault, indicate that relatively high-
Q and a high stress parameter, Ao, often associated with central US earthquakes, are
quite capable of producing one to two ¢ PHAs (and higher) at sites 30 km from the fault
at forward azimuths on Mississippi embayment soils. The computer program was tested
using PHA data from many sites that recorded the bf M 6.5 Imperial Valley California
earthquake of Oct 15, 1979. It was also tested using available NCEER data for the Risco,
Mo., earthquake (M, = 4.6) of May 4, 1991, with satisfactory results.

Reports

Harmsen, S. C. (1993). Simulation of strong ground-motion from a magnitude 6.5 earth-
quake in the Western portion of the New Madrid Seismic Zone, in preparation.

Harmsen, S. C. (1993). The Little Skull Mountain Nevada earthquake of June 29, 1992:
Aftershock focal mechanisms and tectonic stress field implications, Bull. Seiwsm.
Soc. Am., submitted.

Hartzell, S.; and P. C. Liu (1993). Determination of earthquake source parameters using
a hybrid global search algorithm, Bull. Seism. Soc. Am., submitted.

Hartzell, S., C. Langer, and C. Mendoza (1993). Rupture histories of eastern North Amer-
ican earthquakes, Bull. Seism. Soc. Am., submitted.

Hartzell, S., D. Carver, and K. King (1993). Preliminary investigation of site and topo-
graphic effects at Robinwood Ridge, California, Bull. Seism. Soc. Am., submitted.

Langer, C. J., and W. Spence (1993). The 1974 Peru earthquake series, Bull. Seism. Soc.
Am., submitted.

Liu, P. C., and S. Hartzell (1993). Nonlinear multiparameter inversion using a hybrid
global search algorithm: Examples from 1D acoustic waveform inversion, Geophys.
J. Intern., submitted.

Perkins, D.M., Rogers, A.M., and Campbell, K.W. (1993). Limitations of the world-
wide strong-motion data base: effects on peak-acceleration regression analyses, Bull.
Seism. Soc. Am., submitted.

Rogers, A.M. and Perkins, D.M. (1993). Monte Carlo Simulation Of Peak Acceleration
Attenuation Using A Finite-Fault Uniform-Patch Model, Bull. Seism. Soc. Am.,
submitted.

Rogers, A.M. and Perkins, D.M. (1993). Modeling of smoothed peak acceleration data
using a finite-fault Monte Carlo model with constant, mean stress parameter, de-

tection threshold bias, and upper-limit truncation, Seism. Res. Ltrs., v.64, no. 1,
p- 19.

45



Broadband Modeling Local and Regional Seismograms
1434-93-G-2322

Program Element 1.2

Donald V. Helmberger
Seismological Laboratory
California Institute of Technology
Pasadena, CA 91125

(818)356-6998

Investigations

The large number of recent events associated with the Big Bear-Landers earthquake sequence
is providing an unique set of broadband data. This data set can be used in deriving detailed
source characteristics and earth structure. In addition many of the historic events occurring along
this extended zone have been recorded locally by relatively low gain long period and short period
torsion instruments operated by Caltech (1930 to 1960) and by standard strong motion
instruments. Some of the larger events M>5 can be seen on the old broadband instruments at
Berkeley (Galitzins) regionally while still larger events M>6 can be observed teleseismically,
(De Bilt, etc.).

To understand these seismograms and separate propagational distortions from source
properties is relatively easy at teleseismic distances, but becomes more difficult at regional and
local distances. Fortunately, the digital systems used in the TERRAscope array provide
observations that greatly aid in establishing the nature of regional wave propagation. For
example, the wide dynamic range allows motions from small events (aftershocks) to be
compared with large events at the same site even though the motions can differ by several orders
of magnitude. Signals at these distances have not suffered mantle attenuation and thus the
broadband features of this system allow us to see obvious propagational effects (headwaves and
critical reflections) and detailed source characteristics (near-field and source complexity).

The clearest lesson to date comes from events viewed through a short-period Wood-
Anderson instrument (wa.sp) for similar paths where they are generally similar over several
magnitude units. Apparently, the largest asperity dominates the wa.sp response for the larger
events. This suggests that normal scaling laws such as w2,w3, etc. are not very dependable in
characterizing earthquakes. Secondly, the propagational path is mostly responsible for the
seismic signature at local and regional distances. Thus, knowledge of local seismicity and an
extensive catalog of waveform data from known events for comparative analysis becomes
particularly important.

Results

Several papers involving the waveform modeling of recent earthquakes have been published
or are in press:

(1) Spacial and Temporal Distribution of slip for the 1992 Landers Earthquake, Dave Wald,
Tom Heaton, BSSA in press (1993).
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To date, we have determined a source rupture model for the 1992 Landers earthquake (Mw =
72) compatible with multiple data sets, spanning a frequency range from zero to 0.5 Hz, Geodetic
survey displacements, near-field and regional strong motions, broadband teleseismic waveforms
and surface offset measurements have all been used explicitly to constrain both the spatial and
temporal slip variations along the model fault surface. Out fault parameterization involves a
variable-slip, multiple-segment, finite-fault model which treats the diverse data sets in a self-
consistent manner, allowing them to be inverted both independently and in unison. The high-
quality data available for the Landers earthquake provide an unprecedented opportunity for direct
comparison of rupture models determined from independent data sets that sample both a wide
frequency range and a diverse spatial station orientation with respect to the earthquake slip and
radiation pattern. In all models, consistent features include: 1) similar overall dislocation
patterns and amplitudes with seismic moments of .7-8 x 1027 dyne-cm (seismic potency of 2.3-
2.7 km3), 2) very heterogeneous, unilateral strike-slip distributed over a fault length of 65 km
and over a width of at least 15 km, though slip is limited to shallower regions in some areas, 3) a
total rupture duration of 24 sec and an average rupture velocity of 2.7 km/sec, and 4) substantial
variations of slip with depth relative to measured surface offsets. The extended rupture length
and duration of the Landers earthquake also allowed imaging of the propagating rupture front
with better resolution than for those of prior shorter-duration, strike-slip events. Our imaging
allows visualization of the rupture evolution, including local differences in slip durations and
variations in rupture velocity. Rupture velocity decreases markedly at shallow depths as well as
near regions of slip transfer from one fault segment to the next as rupture propagates
northwestward along the multiply-segmented fault length. The rupture front slows as it reaches
the northern limit of the Johnson Valley/Landers faults where slip is transferred to the southern
Homestead Valley fault; an abrupt acceleration is apparent following the transfer. This process
is repeated, and is more pronounced, as slip is again passed from the northern Homestead Valley
fault to the Emerson fault. Although the largest surface offsets were observed at the northern end
of the rupture, our modeling indicates that substantial rupture was also relatively shallow (less
than 10 km) in this region.

(2) Investigation of the Rupture Process of the June 28, 1992 Landers Earthquake Utilizing
TERRAscope, Douglas Dreger, BSSA, in press (1993).

Displacement seismograms recorded by TERR Ascope for the June 28, 1992 Landers
earthquake (Mw8.3) are deterministically modeled using a forward, point-source summation
technique. Although the data set is sparse, it was possible to robustly detennine important
rupture parameters such as gross slip distribution, rupture velocity, rise time and total source
duration. The relatively simple approach lends itself to rapid application following large
earthquakes, provided that a catalog of Green's functions appropriate for the region is available.

The fault used in the modeling of the Landers mainshock has a length of 70 km along strike
and a width of 15 km along dip. A model was found in which the distribution and amplitude of
slip at the surface matches the observed surface slip and provides a very good level of fit to the
seismic data. Seismically, the Landers earthquake is characterized as two subevents. The peak
slip of the first sub-event is 10 km north of the epicenter and the second is 40 km northwest
along strike from the epicenter. The seismic moment is distributed as 2x1026 dyne-cm to the
first and 6x1026 to the second subevents, respectively. It was assumed in our modeling that the
distribution of seismic moment along strike was the same at all depths. This assumption implies
that slip at depth is 69% of that at the surface due to differences in the material properties in the
velocity model. The sensitivities of the source model to rupture velocity and dislocation rise
time were examined. A rupture velocity of 2.9 km/s (80% of the shear wave velocity) and a rise
time of 1 to 3 seconds were found to satisfy the data. The rise time is only a fraction of the total
source process time of 24 seconds, and implies that slip on the fault occurred within a narrow
band (3 to 10 km), at any instant during the rupture.
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(3) Rupture process of the June 28, 1992 Big Bear Earthquake, L. E. Jones, S. E. Hough, D. V.
Helmberger, Geophysical Research Letters, 20, 1907-1910, September, 1993.

The June 28, 1992 Big Bear earthquake in southern California was assumed to have ruptured
along a northeast-trending plane, as suggested by long-term aftershock distribution. No surface
rupture was found, however, and mainshock locations determined from both strong motion and
TERRAscope data are mutually consistent and do not lie on the assumed fault plane. An
integrated study involving waveform modeling, directivity and seismicity analyses suggests a
complex rupture pattern, with significant short- and long-period energy propagating northwest
along the presumed conjugate fault-plane.

(4) Two Dimensional Modeling of Deep Sedimentary Basin Effects for Two Los Angeles
Earthquakes, Craig W. Scrivner and Donald V. Helmberger, BSSA, in press (1993).

The October 4, 1987 aftershock (ML, = 5.3) of the Whittier Narrows sequence and the June
28, 1991 Sierra Madre mainshock (M[, = 5.8) are on a similar azimuth to stations overlying the
deepest part of the Los Angeles sedimentary basin. The proximity of the Whittier Narrows
sequence to the basin provides an opportunity to isolate the effects of the basin on wave
propagation. A distinctive feature of records from basin stations recording the October 4th
aftershock is the large amplitude of the first multiple (SS) on the tangential component. The
amplitudes of the multiples are up to twice the direct SH phase on the tangential component.
The distance from the aftershock to the stations in the basin is less than 25 km, and at such short
range a horizontal seismic velocity gradient is needed to turn rays rapidly enough for large
amplitude multiples to form. This is taken as a primary constraint in the construction of our two
dimensional velocity model. A forward modeling approach is employed, using finite difference
numerical techniques that produce double couple point source solutions. A model mimicking a
recently constructed geologic cross section across the east edge of the L.A. Basin generates more
phases than are seen in the seismic records. Simpler models based on dipping layers with low
shear velocities in the top few layers fit the data better and the phases are more stable between
receivers. The seismic velocity, depth, and dip of the layers are varied to fit the timing between
the direct P, the direct S, and the first SH multiple. Including a steeply dipping west edge in the
basin model has little effect on the synthetic waveforms except at distances near that basin edge.
The timing and amplitude of the direct and first multiple SH pluses is well modeled, though the
phase of the first multiple does not match the data. The Sierra Madre mainshock occurred about
25 km to the NE of the Whittier Narrows sequence. The model for Whittier Narrows was
extended this distance, with a shallow basin between Whittier and the Sierra Madre hypocenter
to account for the San Gabriel basin. Phases generated by the edge of the deep basin continue to
dominate the synthetics, but this model generates a lengthy coda. This study indicates that
specific phases produced by propagation effects through sedimentary basins, and with
frequencies up to 1 Hz, can be explained by two dimensional seismic velocity models.
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Investigations

The purpose of the network is to monitor seismic activity in the Central Mis-
sissippi Valley Seismic zone, in which the large 1811-1812 New Madrid earthquakes
occurred. The following section gives a summary of network observations from
October 1992 through September 1993.

Results

During this time, 97 earthquakes were located by the regional telemetered
microearthquake network operated by Saint Louis University for the U.S. Geologi-
cal Survey and the Nuclear Regulatory Commission. Figure 1 shows 92 earth-
quakes located within a 4° x 5° region centered on 36.5°N and 89.5°W. The magni-
tudes are indicated by the size of the open symbols. Figure 2 shows the locations
and magnitudes of 68 earthquakes located within a 1.5° x 1.5° region centered at
36.25°N and 89.75°W.

From October 1, 1992 through September 30, 1993, 110 teleseisms were
recorded by the PC clone running the VENIX operating system. Epicentral coordi-
nates were determined by assuming a plane wave front propagating across the net-
work and using travel-time curves to determine back azimuth and slowness, and by
assuming a focal depth of 15 kilometers using spherical geometry. Arrival time
information for teleseismic P and PKP phases has been published in the quarterly
earthquake bulletin. ]

The significant event of the year was USNRC termination of support for the
regional seismic network. As of June 1, 1993 all telephone telemetry to USNSRC
stations in Illinois, Indiana, Missouri and Arkansas was ended. This marked the
end of 15 years of monitoring earthquakes in the broad geographical region for the
USNRC.

The significant earthquakes occurring during this time include the following:

o October 1,1992 (0240 UTC). mbLg 2.5 (GS). MD 2.6 (TEIC). Felt at
Blytheville.

. December 17,1992 (0718 UTC). Oklahoma. mbLg 3.6 (GS), 3.5 (TUL). Felt
(IV) at Lindsay and (III) at Bradley and Elmore City. Felt in southern
McClain and northern Garvin Counties.
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December 27,1992 (1012 UTC). Cape Girardeau, Missouri region. mbLg 3.2
(GS), 3.2 (TUL). Felt (IV) at Oak Ridge and Pocahontas; (III) at Altenburg,
Brazeau, Frohna, Old Appleton, Perryville and Uniontown. Also felt in the
Cape Girardeau area. Felt (IV) at Anna and Wolf Lake, Illinois. December
27,1992 (1014 UTC). Cape Girardeau, Missouri region.

January 21, 1993 (1946 UTC). New Madrid, Missouri region. MD 3.0 (TEIC),
3.0 (SLM). mbLg 3.0 (GS). Felt (III) at Ridgely and Newbern, Tennessee. Felt
(III) at Braggadocio, Missouri. Also felt at Miston and Wynnburg, Tennessee.

January 29, 1993 (1356 UTC). Illinois. mbLg 3.2 (GS). MD 3.2 (SLM). Felt
(ITI) at Herrick and Saint Peter. Felt (II) at Hagarstown and Saint Elmo.

February 6, 1993 (0209 UTC). New Madrid, Missouri region. MD 3.5 (SLM),
3.5 (TEIC). mbLg 3.4 (GS), 3.3 (TUL). Felt (IV) at Sikeston; (III) at
Grayridge, Lilbourn, Matthews and Parma; (II) at Caruthersville and East
Prairie. Also felt at New Madrid. Felt (IV) in the Bogota-Miston-Ridgely area,

50



-90.5 -90.0 -89.5 -89.0

37.0 37.0
36.5 | 36.5
36.0+ 136.0
35.5 F +— 35.5
-90.5 -90.0 -89.5 -89.0
MAGNITUDE
— oo (D
0t 2 3 4 5
FIGURE 2

CUMULATIVE EVENTS 01 OCT 1992 TO 30 SEP 1993
LEGEND : & STATION o EPICENTER

Tennessee.
24 February, 1993 (1241 UTC). New Madrid, Missouri region. MD 2.8 (SLM).

March 2, 1993 (0029 UTC). New Madrid, Missouri region. MD 3.0 (SLM).
mbLg 3.1 (GS). Felt (IV) at East Prairie, Kewanee and Lilbourn; (III) at
Matthews and New Madrid; (II) at Portageville.

March 16, 1993 (0738 UTC). Arkansas. MD 3.0 (SLM), 3.0 (TEIC). mbLg 3.3
(GS). Felt at Marked Tree.

March 29, 1993 (15637 UTC). New Madrid, Missouri region. MD 2.7 (SLM),
2.5 (TEIC). mbLg 2.4 (GS). Felt at Catron.

March 31, 1993 (2023 UTC). New Madrid, Missouri region. MD 3.1 (SLM),
3.3 (TEIC). mbLg 3.3 (GS). Felt (V) at East Prairie, (IV) at Bertrand and (1II)
at Anniston, Kewanee and Matthews. Also felt at Charleston and Sikeston.
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. April 2, 1993 (0128 UTC). Cape Girardeau, Missouri region. MD 2.5 (SLM),
2.5 (TEIC). mbLg 2.5 (GS). Felt IV) at Cunningham and Kevil, Kentucky.
Felt (IIT) at Barlow and La Center, Kentucky.

. April 2, 1993 (0302 UTC). Cape Girardeau, Missouri region. MD 2.5 (SLM),
2.6 (TEIC). mbLg 2.5 (GS). Felt (IV) at Cunningham and (III) at Kevil, Ken-
tucky.

. April 28, 1993 (2240 UTC). New Madrid Missouri region. MD 3.5 (SLM).
mbLg 3.6 (GS). Felt (IV) at Bogota, Finley, Lenox, Newbern and Ridgeley, Ten-
nessee. Also felt (IV) at Caruthersville, Missouri. Felt (III) at Somerville,
Tigrett and Trimble, Tennessee and at Steele, Missouri. Felt at Dyersburg,
Tennessee.

e August 27, 1993 (0008 UTC). Eastern Missouri. MD 3.3 (SLM). mbLg 3.3
(GS). Felt (V) at Leadwood; (IV) at Desloge, French Village and New Offen-
burg; (III) at Cadet, Crystal City, Flat River, Fredericktown, Herculaneum,
Irondale, Middlebrook, Potosi and Valles MInes; (II) at Park Hills. Felt at
Dittmer, Pevely and Salem. Also felt at Waterloo, Illinois.

o September 24, 1993 (1827 UTC). New Madrid, Missouri region. MD 2.8
(SLM). mbLg 3.0 (GS). Felt (IV) at Marston and Parma. Felt (III) at Lil-
bourn.

Publications

To support the USGS produced movie about New Madrid, Hidden Fury, and to
respond to requests concerning seismicity at New Madrid, a 31 page report, New
Madrid Earthquake Catalog Display, was prepared. This report features a graphical
display of historical and instrumental seismicity at New Madrid and also contains
the regional seismic network and Nuttli historical data bases with documentation
on their formats. Copies have been provided to the USGS Golden, Reston, and to
state agencies in Arkansas, Missouri and Illinois.
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Program Element 1

Introduction

The object of this effort is to upgrade the regional seismic networks in the cen-
tral Mississippi Valley to provide the data sets necessary for future research in the
earthquake process and in earthquake generated ground motion.

In order to accomplish this, the satellite telemetry capability of the US
National Seismic Network will be used to communicate between central data collec-
tion points at Memphis and St. Louis and the intelligent regional seismic network
nodes to be placed at five sites in the region.

Major tasks involve the design and implementation of the data centers, the
regional nodes at satellite uplink points, and the seismic sensors in the field.

Status
Network Design

The purpose of the original regional network deployment was to define seismic-
ity patterns and recurrence. The purpose of the upgraded network is to continue
these studies, but more importantly to address the following scientific tasks:

* On-scale recording of ground motions for earthquakes with magnitude less
than 6 (reasonable expectation for the life of the network).

* Rapid determination of source parameters including source depth, moment ten-
sor and source time function,

¢ Determination of attenuation of seismic ground motion in the distance range of
0 - 200 km for use in regionally specific seismic hazard studies, and

¢ Delineation of three dimensional seismic crustal structure within the region,
since this will provide the means for estimating expected ground motions for
future large earthquakes.

These scientific goals require different types of data sets:

e  Waveform modeling of larger regional events requires approximately 2 minutes
of broadband data sampled at 20 Hz.

* Delineation of regional earth structure requires the use of regional waveforms
and also teleseismic signals, P, S and surface waves. Long period surface wave
modeling could use 60 minute windows with sampling of 1 HZ.
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¢ Study of high frequency ground motion requires event segments sampled at
least at 40 Hz.

To meet these goals with respect to ground motion, source and structural stud-
ies, the deployment of the network must be significantly different from it present
form. Analog telemetry stations will still be required to monitor the seismicity near
New Madrid proper and to provide information for earthquake location. However, a
broad geographical distribution of broadband stations is required, such that stations
cannot be interconnected by radio telemetry by distance. Figure 1 shows a possible
distribution of broadband stations throughout the region. This distribution is made
to monitor earthquakes and ground motions throughout the entire region (Figure
2).
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Fig. 1. Proposed distribution of broadband stations.

RFP

An RFP has been submitted to manufacturers for equipment bids. This RFP
reflects the evolution of the seismic network design. The requirement is that the
stations indicated in Figure 1, be modern broadband digital stations with dialup
capability - e.g., open stations. These stations will be interrogated daily and also fol-
lowing an earthquake by computer based control systems at the two universities.

RFP’s will be evaluated at the end of December so that acquisition may begin
in January. The spring of 1994 will be spent in site preparation with installation
during the summer of 1994.

Software Support
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Fig. 2. Central Mississippi Valley Earthquakes 1974-1992

Eric Haug has written software for VSAT communication. The code is named
vsatrd, vsatsav and prusatpkt. This code has been distributed to the Seismo Lab at
Caltech, the University of Utah, Lamont-Doherty Earth Observatory, the University
of Washington, and to Multimax, Inc. Distribution of the software is only permitted
through Saint Louis University in order to provide unifying control over this code.
Modifications and the experience of users will be incorporated to improve the code.
Initial testing has highlighted problems with some computers keeping up with the
2K byte packets that the VSAT prefers to dump. The usefulness of different serial
port hardware is being evaluated.
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Pressure Solution, Crack Healing and Crustal Stress
9960-10226

Stephen H. Hickman
U.S. Geological Survey
345 Middlefield Rd., MS 977
Menlo Park, CA 94025
Phone: (415) 329-4807
E-Mail: Hickman@thepub.wr.usgs.gov
Program Element I

Investigations Undertaken

1. Laboratory Studies of Solution-Transport Deformation

Solution-transport processes such as pressure solution, crack healing and neck growth can be
quite important in determining the rheology of fault zones and the evolution of rock physical
properties. Our goal in this study is to provide fundamental constraints on the mechanisms and
kinetics of these processes in quartzose rocks. Accordingly, we are carrying out a series of exper-
iments on single mineral-mineral contacts using a unique hydrothermal vessel equipped with a
sapphire optical window. In these experiments a convex quartz lens and a flat quartz lens are
pressed together in water at temperatures of 400-600° C and water pressures of up to 2 kb. We
continually observe the contact region and employ reflected-light interferometry to monitor the rate
at which the lenses approach one another (converge) with time. In this manner we can
independently determine the rates of pressure solution and neck growth as a function of
temperature, effective normal stress, contact geometry, grain-boundary misorientation and second-
phase mineralogy.

2. Field Investigation of Causes for Permeability Enhancement Accompanying the 1989 Loma
Prieta Earthquake, Santa Cruz Mountains, California

The Loma Prieta earthquake (10/17/89, M~7.0) caused significant changes in the hydrology of
the San Lorenzo River basin. These changes, consisting of stream-flow increases that persisted
for several months after the earthquake and long-lived post-seismic lowering of the water table, are
most readily explained by ground-motion induced permeability increases in the near surface
aquifers and aquitards (Rojstaczer and Wolf, 1992). Two questions arise when examining
permeability enhancement as a mechanism for these hydrologic changes: 1) What is the ambient
state of stress and how might it interact with coseismic stress changes (either dynamic or static) to
enhance the permeability of these aquifers through fracturing, fault reactivation, or other
processes? and 2) What are the time constants associated with these permeability changes? To help
answer these questions, we have been collaborating with Stuart Rojstaczer of Duke University to
measure stress magnitudes and orientations, fracture and matrix permeabilities, and the orientations
of natural fractures and faults in a 170-m-deep well drilled at the top of a granodiorite ridge in the
Santa Cruz Mountains near Ben Lomand, California. This project was begun in FY 1993 and is
continuing into FY 1994,

3. Shallow In-Situ Stresses in Fractured Granitic Rock at Wawona, Yosemite National Park,
California

This study, which involved hydrologists, geophysicists and geochemists from the USGS and

the U.S. Department of Energy, was conducted to understand the nature, timing and extent of
ground water flow in the fractured granitic aquifer beneath Yosemite National Park. Our role in
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this study was to make hydraulic fracturing stress measurements in two shallow wells drilled by
the National Park Service near the town of Wawona to understand the nature and origin of the
shallow stress field in this area. In coordination with in-situ permeability and geochemical studies
by other investigations, our investigations will help determine if and in what manner these stresses
might control the orientations of permeable fractures and faults in this aquifer.

4. Planning and Coordination of Scientific Drilling in the San Andreas Fault zone and Associated
Site Characterization Studies

In collaboration with Mark Zoback (Stanford University), Lee Younker (Lawrence Livermore
National Laboratory) and William Ellsworth (USGS, Menlo Park), we have been leading an
international team of scientists and engineers in a long-term proposal to conduct detailed geological
and geophysical site-characterization studies along the San Andreas fault zone, culminating in the
drilling of inclined core holes through the San Andreas fault at one site at depths of up to 10 km.
Through an integrated program of site-characterization studies, down-hole measurements,
laboratory experiments on recovered materials and long-term fault zone monitoring, we will obtain
fundamental constraints on the structure, composition, mechanical behavior and physical state of
an active, major plate-boundary fault. This project would most likely occur in the context of an
International Continental Drilling Program currently being developed by a number of countries,
with financial, technical and scientific participation by as many international partners as possible.

5. Convening of USGS Red-Book Conference on the Mechanical Involvement of Fluids in
Faulting

A "Red-Book" Conference on the Mechanical Effects of Fluid in Faulting was sponsored by
the USGS under the auspices of the National Earthquake Hazards Reduction Program (NEHRP) at
Fish Camp, CA, between June 6 and June 10, 1993. The co-convenors were Steve Hickman
(USGS, Menlo Park), Rick Sibson (University of Otago, New Zealand) and Ron Bruhn
(University of Utah). The purpose of the conference was to discuss current ideas and plan future
research on the role of fluids in fault mechanics, earthquake generation and mineralization.
Perturbations to the hydrological regime related to faulting and earthquakes were also discussed.

Results
1. Laboratory Studies of Solution-Transport Deformation

In FY 1993, we completed the design and construction of all components to be used in the
single-contact experiments; assembled, tested and calibrated these components; established sample-
preparation procedures; and performed our first experiments. These initial experiments were
performed using two polished quartz lenses pressed together under a load of 5.2 Newtons in
distilled water at 150 MPa fluid pressure and a temperature of 520° C. In-situ monitoring of
contact geometry and interference fringes showed no discernible convergence (pressure solution)
between the two lenses but did show the development of a fine-scale dendritic morphology at the
contact spot similar to microstructures observed during crack healing experiments conducted in
quartz using closed hydrothermal bombs (e.g. Brantley et al, 1990). Interestingly, however, the
rate at which the contact spot ("neck") grew with time in our experiments was about 10-20 times
slower than expected based upon simple extrapolations of intragranular crack healing rates for
quartz determined by Brantley et al. (1990). We believe that the slow neck growth rates we
observed may be due, at least in part, to the retarding effects of grain boundary energy on neck-
growth. The latter effect has been theoretically predicted as a consequence of the balance of
interfacial tensions at the intersection between a grain boundary and two solid-liquid interfaces and
has been experimentally confirmed in the halite/brine system (Hickman and Evans, 1992). If these
early results from our single-contact quartz experiments are borne out by further experimentation,
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our results could profoundly alter commonly-held views of the rates at which grain-boundary
cracks or pores might heal (i.e. disappear) with time in the mid to lower crust.

2. Field Investigation of Causes for Permeability Enhancement Accompanying the 1989 Loma
Prieta Earthquake, Santa Cruz Mountains, California

Borehole televiewer and television logging in the Ben Lomand well has revealed numerous
fractures and faults with thicknesses of up to several cm. The great majority of these fractures
strike N-NW and dip 40-70° to the east. To date, we have conducted four hydraulic fracturing
stress measurements in this well at depths of 30-100 m, using a new wireline packer system
incorporating real-time digital telemetry of down-hole test-interval pressure, packer pressure and
flow rate. Analysis of these data show that the magnitude of the least horizontal principal stress
(Shmin) is equal to or slightly less than the calculated vertical stress (Sy), indicating a stress regime
transitional between reverse and strike-slip faulting. The four hydraulic fracture orientations
obtained thus far indicate that the direction of the maximum horizontal principal stress (SHmax) iS
N10°W =+ 20 °, parallel to the ridge axis (suggesting topographic control of the stress field) and the
strike of most of the natural fractures and faults in this well. Thus, most of these fractures and
faults are favorably oriented for normal faulting. Analysis of the potential for frictional failure on
these planes using simple frictional faulting theory and coefficients of friction of 0.5-3.0 (as
appropriate for normal stresses < 5 MPa [Byerlee, 1978]) indicates that normal faulting failure
could be induced at this site by a reduction in Spmin of about 0.5-1.0 MPa. Simple calculations of
dynamic stress perturbations expected at this site during the 1989 Loma Prieta earthquake indicate
that cyclic perturbations to Spmin on the order of §-12 bars are indeed possible. In contrast,
calculations of static stress perturbations due to the Loma Prieta earthquake (R. Simpson, written
comm, 1993) indicate that long-term stress changes at this site resulting from the Loma Prieta
earthquake would have little effect on the propensity for frictional failure on the faults/fractures
observed in this well. Thus, we propose that these features represent shallow normal faults
activated by earthquake-induced strong ground motion and that these faults, in turn, may be
responsible for the coseismic permeability enhancement inferred during the Loma Prieta
earthquake. As a further test of this hypothesis, in the coming year will be using our wireline
packer system to measure the permeability of individual fractures and fault zones of differing
orientations to determine the extent of permeability anisotropy and the manner in which this
anisotropyi, if it exists, is aligned with the in-situ stresses.

To examine the time scales associated with the inferred permeability increases, Stuart
Rojstaczer has obtained water quality samples from over 100 springs and streams in the drainage
basin over a period of two summers. Analysis of water chemistry data from the summer of 1992
suggested that increases in dissolved ions associated with the earthquake were still present in many
areas. However, because of the effects of drought, interpretation of these results was at least
partly ambiguous. He reoccupied over 30 of these sites during the summer of 1993, a year with
significant precipitation. Dissolved ion concentrations in these regions were still elevated relative
to historically high levels, indicating that the earthquake-induced permeability increases are long-
lived.

3. Shallow In-Situ Stresses in Fractured Granitic Rock at Wawona, Yosemite National Park,
California

A total of 12 stress measurements were made in two test wells at Wawona. In both wells, the
magnitudes of Spmin and SHmax relative to Sy indicate a reverse-faulting stress regime at depths
less than about 200 m that is transitional to strike-slip faulting at greater depths. The magnitudes of
the horizontal principal stresses in the upper 100 m of these wells are extremely high, with SHmax
attaining a maximum magnitude of about 13 MPa at a depth of 50 m. The corresponding
differential stresses (SHmax - Sv) are roughly twice as great as predicted using laboratory
coefficients of friction of 0.6 to 1.0 (as appropriate for normal stresses > 5 MPa [Byerlee, 1978]).
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As Wawona is located in a topographically rugged area that has experienced rapid erosion, we
attribute these high horizontal stresses to a combination of near-surface residual stresses and
topographic effects (e.g. McGarr, 1988; Liu and Zoback, 1992). Based on borehole televiewer
logs conducted in these wells, we hypothesize that these high differential stresses can be
maintained because of the paucity of natural fractures or faults that are favorably oriented for
reverse faulting at shallow depths. In fact, the observation that most of the fractures in the upper
few hundred meters of these wells are sub-horizontal is consistent both with our stress
measurements (i.e. vertical stress << both horizontal principal stresses) and the presence of
pervasive exfoliation in this area.

Orientations of the hydraulic fractures created during our tests indicate that Symax at Wawona
is directed N59°W=15°. This orientation departs significantly from the roughly north-south to
northeast Symax directions observed on either side of the central Sierra Nevada Mountains (Zoback
and Zoback, 1989), but is subparallel to the overall trend of the valley of the South Fork Merced
River at Wawona, further suggesting topographic control of the local stress field. Using the three-
dimensional topographic stress model of Liu and Zoback (1992) in conjunction with digital
elevation data for this area indicates that the orientation of Sgymax at Wawona can be explained
through gravitational stresses induced by the local topography. The measured magnitudes of the
horizontal stresses, however, are higher than predicted by simple gravitational loading models,
suggesting that residual and/or thermal stresses might contribute significantly to the shallow stress
regime in the Sierra Nevada Mountains. Analysis of pumping tests conducted by the USGS Water
Resources Division (Morin and Borchers, 1993) shows that the most permeable fractures in these
wells tend to be perpendicular to the least principal stress at depths <200 m but are favorably
oriented for strike-slip faulting at greater depths, indicating that the permeability tensor in these
granites is strongly influenced by the in-situ stress field.

4. Planning and Coordination of Scientific Drilling in the San Andreas Fault zone and Associated
Site Characterization Studies

In December of 1992 we convened a workshop on the San Andreas fault zone drilling project
at Asilomar, California. The purpose of this workshop, which was attended by 113 scientists and
engineers from seven different countries, was to facilitate a broad-based scientific discussion of the
scientific issues that could be addressed by deep drilling in the San Andreas fault, to identify
potential drilling sites and to outline the types of site characterization studies that would be required
to select the best possible site for the deep San Andreas hole.

Starting with 18 potential drilling areas identified at Asilomar, we held two meetings at the
USGS in Menlo Park, California, with the Site Selection Committee and resident experts. As a
result of these meetings, four segments were selected for further study: 1) the Mojave segment of
the San Andreas between Leona Valley and Big Pine; 2) the Carrizo Plain between Highways 58
and 33/166; 3) the San Francisco Peninsula between Los Altos and Daly City; and 4) the
Northern Gabilan Range between the Cienega winery and Melendy Ranch. During the past eight
months, we have been coordinating proposals by individual investigators for site characterization
studies. In June and July of 1993, about 25 proposals were submitted to the U.S. Geological
Survey, the National Science Foundation and the U.S. Department of Energy to conduct
preliminary geological, seismological, potential field, hydrological and borehole geophysical
investigations along these four segments.

Our goal during the site-characterization phase of this project is to build a suite of comparative
models of the geology, crustal structure, geophysical environment, hydrology, seismotectonics
and fault-movement history at each of the 4 candidate sites. These investigations will be conducted
by individual investigators, each of whom will contribute their results to a common data base.
Through this process, we will deepen and extend our knowledge of the fault as a whole, whether
or not the proposed 10-km-deep hole is ever drilled. Collectively, these studies will have a major
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impact on our understanding of the structure and physical properties of the San Andreas fault
system. They will also form a critical framework for applying the knowledge gained in the deep
San Andreas hole to other segments of the fault and other tectonic environments.

5. Convening of USGS Red-Book Conference on the Mechanical Involvement of Fluids in
Faulting

This conference was highly successful and was attended by a diverse group of 45 scientists,
including people working in electrical and magnetic methods, geochemistry, hydrology, ore
deposits, rock mechanics, seismology and structural geology. Topics addressed included evidence
for fluid involvement in faulting and the nature of deep crustal fluid reservoirs, the composition of
fault-zone fluids and fluid transport properties, coupled mechanical and hydrological processes in
faulting, and the chemical effects of fluids on fault rheology. Very lively discussions centered on
the origin and nature of fluid pressure compartments and their role in triggering instability, the
evaluation of evidence for or against abnormally high fluid pressures during faulting, and
processes that perturb the hydrological regime following earthquakes. Rick Sibson led a one-day
field trip through the mesothermal quartz-vein gold deposits of the Mother Lode District, where
participants saw and discussed evidence for high fluid pressures in exhumed reverse fault zones.

Participants provided extended abstracts and presented poster displays at the meeting, with
poster sessions being followed by moderated group discussions. The workshop proceedings will
be published as a USGS Red-Book volume. Selected articles arising from this workshop will be
published as a special issue of the Journal of Geophysical Research.
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The Cooperative New Madrid Seismic Network

Agreement No. USGS 1434-92-A-0968

Program Element 1
Arch Johnston, Jer-Ming Chiu and Robert Smalley, Jr.

Center for Earthquake Research and Information
Memphis State University
Memphis, TN 38152
(910) 678-4929, smalley@ceri.memst.edu

The Cooperative New Madrid Seismic Network (CNMSN) is being jointly
developed by the Center for Earthquake Research and Information (CERI) at Memphis
State University (MSU) and Saint Louis University (SLU) to both replace and upgrade the
previous Memphis Area Regional Seismic Network (MARSN) and the Central Mississippi
Valley Seismic Network. The new network will be fully integrated into the National Seismic
Network (NSN). In addition, a cooperative agreement with the Tennessee Valley Authority
(TVA) will permit using the TVA microwave network for seismic data transmission. This
will effectively merge the CNMSN, the TVA network, and the Southern Appalachian
Cooperative Seismic Network (SACSN) into a single large regional network providing
coverage over a much larger area than any of the previous networks. Activity during the past
year has concentrated on specifying the specific scientific and public service goals of the
upgrade, the testing and development of hardware and software to meet these goals, and the

purchase and installation of equipment to implement the network.

The new network will be composed of two complementary components, a dense
distribution of short period seismometers focusing on the most active region of the New
Madrid Seismic Zone within a larger regional but sparse distribution of broad-band
seismometers. The broad-band sensors will provide state-of-the-art digital seismic data for
advanced scientific research of topics such as the wave propagation properties of the
Mississippi Embayment and the deep structure of the Central U.S. These studies will be
important for the estimation of ground shaking in cities such as Memphis and the results
will be immediately useful in seismic zoning, development of building codes, etc. Digital
broad-band data will be collected at CERI/MSU through several technologies including
satellite telemetry through the USGS NSN, two way digital telemetry using new

communication technologies through existing FM radios, and the TVA microwave network.
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Several VSATSs have been installed and tested and the parts of the digital telemetry hardware
have been tested but still lack integration. The short-period network will provide high quality
location and magnitudes for seismic activity in the New Madrid Seismic Zone area. These
systems will use analog telemetry with some form of gain ranging to increase the total
dynamic range. The data will be recorded digitally and be available in real-time, which is
important to meet the goal of providing timely information about earthquakes to the public

and to emergency response services.

One important accomplishment of the past year was the upgrading and re-opening
of the old WWSSN site at Oxford, MS. This station had been closed for almost 20 years.
The site was refurbished and a digitally recording broad-band instrument was installed.
Data from this instrument are now being sent in real time directly to the USGS in Golden

Colorado through a satellite link.

The last year has seen the finalizing of a network plan. The plan was improved
significantly by several developments that occurred at the same time. These developments

include but are not limited to:

- the regional integration of three networks (CNMSN, TVA and SACSN) that the
TVA microwave network made possible. The TVA microwave network will also improve the

quality of the data from many sites by allowing transmission of digital data.

- the development of less expensive broad-band instruments, specifically the Guralp
CMG-40T, which permitted the development of the regional broad-band component within

our budget constraints.

- the development of new modem technologies and “intelligent” digitizers permit

for the first time cost effective reliable digital transmission from the broad-band stations.

- the development of PANDA II and similar gain ranged systems at CERI for
inexpensive real-time transmission of short period data with sufficient total dynamic range

to prevent clipping by moderate sized (4+-5) events in the New Madrid Seismic Zone.

Significant work still remains to be done, but the plan that we are now implementing

can be substantially completed by the end of the final year of funding.

Publications:

Imaging of active faults of the central New Madrid seismic zone using PANDA array data,
(1992), Seismol. Res. Lett., 63(3), 375-393, Chiu, .M., A.C. Johnston, and Y.T. Yang.
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October, 1992, Y.T. Yang, J.M. Chiu, and A.C. Johnston

Crustal velocity studies in the New Madrid seismic zone from USGS explosions recorded
by the PANDA seismic array, presented in the annual Eastern Seismological Society
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Seismotectonics studies of the New Madrid seismic zone from PANDA data, presented in
the annual meeting of the Eastern Section of Seismological Society of America,
October, 1993, in Boston, J. M. Chiu, Y.T. Yang, K.C. Chen, Z.S. Liaw, S.C. Chiu, and
A.C. Johnston.

65



The Southern Appalachian Cooperative Seismic Network

Agreement No. USGS 1434-92-A-00973
Program Element 1
Arch Johnston, Jer-Ming Chiu and Robert Smalley, Jr.

Center for Earthquake Research and Information
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Memphis, TN 38152
(910) 678-4929, smalley@ceri.memst.edu

The Southern Appalachian Cooperative Seismic Network (SACSN) is being
developed by the Center for Earthquake Research and Information (CERI) at Memphis
State University (MSU) and the Seismological Observatory at Virginia Polytechnic Institute
and State University (VPI) to both replace and upgrade the previous Southern Appalachians
Regional Seismic Network (SARSN). The new network will be integrated into the National
Seismic Network (NSN). The Tennessee Valley Authority (TVA) and the University of
North Carolina at Chapel Hill (UNC) also participate in SACSN through a sub-contract
with CERI A recent expansion of the cooperation with TVA will permit use the TVA
microwave network for seismic data transmission. This will effectively merge the SACSN,
the TVA network, and the Cooperative New Madrid Seismic Network (CNMSN) into a
single large regional network providing coverage over a much larger area than any of the
previous networks. Activity during the past year has concentrated on specifying the specific
scientific and public service goals of the upgrade, the testing and development of hardware
and software to meet these goals, and the purchase and installation of equipment to

implement the network.
The design of the new network had several important goals:
- ending our dependence on expensive dedicated telephone lines.

- upgrading the network from single component stations to three component

stations.

- the integration of several pre-existing networks into a single large network that

both covers a wider area and provides higher quality data.
- integration of the new network into the NSN through satellite telemetry.
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At this time the telephone service has terminated, most of the radio shots have been
reconfigured and a PC based digital data collection facility has been installed at the TVA
office in Knoxville. The new network configuration uses analog telemetry to send the
seismic data to nodes of the TVA or UNC microwave networks. Once on the microwave
network the data are routed to TVA and UNC. A microwave link to CERI is to be installed
in the near future and satellite telemetry or Internet will be used to connect UNC with TVA
and CERL

The next step is the upgrading of all stations to 3 components. This will be
accomplished by using both S-13 1 Hz instruments and L-28 4.5 Hz geophones. Gain
ranged PANDA II analog telemetry, developed at CERI, will be used to increase the total

dynamic range of the network.

Finally the network will be integrated into the NSN through several satellite
communication links (VSAT).

The last year has seen the finalizing of a network plan. The most significant element
of the plan that occurred during the last year was the regional integration of three networks
(CNMSN, TVA and SACSN) that the TVA microwave network made possible.

Significant work still remains to be done, but there are no new untried technologies
in the plan and we should have the upgrade basically finished by the end of the final year of
funding.
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Annual Technical Report
1434-93-G2287

Title: Earthquake and Seismicity Research Using SCARLET and CEDAR

Investigators: Hiroo Kanamori and Leon T. Silver

Institution: California Institute of Technology

Address: Seismological Laboratory, California Institute of Technology,
Pasadena, California 91125

Telephone number and E-mail address: (818) 395-6914,

hiroo@seismo.gps.caltech.edu
Program Element: I.1

Investigations:
1. The Energy Release by Earthquakes in Southern California
2. Crustal Structure in the Rupture Zone of the 1992 Landers
Earthquake
3. Excitation of Long-Period Waves from the 1992 Landers Earthquake

Results:

1. We used a method developed by Kanamori et al. (1993) to determine
the amount of energy released by recent major earthquakes in southern
California. The main objective is to interpret the data in terms of
mechanics of earthquakes. Since the results will be published in Kanamori
(1994), we briefly summarize the conclusion.

Kanamori et al (1993) estimated the energy Eg released by

earthquakes using the high-quality broadband data which has recently
become available in southern California. We determined the dynamic
stress drops from the ratio of Eg and the seismic moment M for the 1989
Montebello earthquake (M=4.6), the 1989 Pasadena earthquake (M=4.9), the
1991 Sierra Madre earthquake (M=5.8), the 1992 Joshua Tree earthquake
(M=6.1), the 1992 Big Bear earthquake (M=6.4), and the 1992 Landers
earthquake (M=7.3). The stress drops for these events are in a range of 50 to
300 bars which are significantly higher than those for many large
earthquakes elsewhere computed by Kikuchi & Fukao (1988). This
difference can be interpreted as due to the long repeat times of these
earthquakes in southern California.

The implication is that the strength of a fault increases with the time
during which the two sides of the fault have been locked. The repeat time of
major earthquakes on the frontal fault system where the Pasadena and the
Sierra Madre earthquakes occurred is believed to be very long, a few
thousand years (e.g., Crook et al 1987). Also the repeat time of the faults in
the eastern Mojave desert where the Joshua Tree, the Big Bear and the
Landers earthquakes occurred is thought to be very long (e.g., Sieh et al
1993). Since no measurements of Eg/Mg have been made yet for
earthquakes on faults with short repeat times in southern California, we
cannot directly compare the dynamic stress drop for earthquakes with long
and short repeat times in southern California.

As many studies have demonstrated, the heterogeneity of mechanical
properties along a fault inferred from complexity of rupture patterns is
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probably one of the most important elements of earthquake faults. Different
segments may have drastically different strengths and frictional
characteristics so that it would be necessary to consider different rupture
mechanisms for different segments. When a rupture occurs over a long
fault, different segments interact with each other in a complex fashion,
thereby causing complex seismic radiation as observed.

Mechanical properties of faults may be controlled by many factors:
lithology in the fault zone, temperature, pore pressure, fault geometry, fault
orientation with respect to tectonic stress, and slip rates. Rupture
initiation, propagation and cessation are all controlled by the mechanical
properties of each segment. The overall rupture patterns in each seismic
cycle (characteristic versus non-characteristic) depend on how different
fault segments interact with each other.

2. We inverted about 145,000 P-wave travel times from 3740
aftershocks of the Landers earthquake recorded by the southern California
Seismic Network to determine the crustal structure in the Landers area.
Since the results were published in Zhao and Kanamori (1993). We briefly
summarize the conclusion.

A detailed P-wave image is determined with a spatial resolution of
about 5 km and hypocentral locations are improved with the obtained 3-D
velocity model. Large velocity variations amounting to 6% are found in the
aftershock region. Most of the aftershocks are found to occur in relatively
high velocity (high-V) areas. Clusters of the aftershocks are separated by
low velocity (low-V) zones. The high-V areas are considered to be strong
and brittle parts of the fault zone which generate earthquakes. In contrast,
low-V areas are more ductile and weaker, where aseismic deformation is
more likely to take place.

3. The 1992 Landers earthquake (My=7.3) occurred in the middle of
the TERRAscope network. Long-period Rayleigh waves recorded at the
TERRAscope stations (A<3°) after traveling around the Earth show large
amplitude anomalies, one order of magnitude larger than spherical Earth
predictions up to a period of about 600 s. The ground motions over the
epicentral region at and after the arrival of R4-5 are in phase at all stations.
These observations are inconsistent with the nearly vertical strike slip
mechanism of the Landers earthquake. Synthetic seismograms for a
rotating, elliptic and laterally heterogeneous Earth model calculated by the
variational method agree well with the observed waveforms. Calculations
for various 3D Earth models demonstrate that the amplitudes are very
sensitive to the large scale aspherical structure in the crust and the mantle.
The anomalies for modes shorter than 300 s period can be explained by
lateral heterogeneity shallower than the upper mantle. Rotation of the
Earth and lower mantle heterogeneity are required to explain mode
amplitudes at longer periods. Current whole mantle seismic tomographic
models can fully explain the observed amplitudes longer than 300 s. To
assess the effect of the high order lateral heterogeneity in the mantle more
precise estimates of the crustal correction are required.
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Reports (reports in press are included):

Jones, C., H. Kanamori, and S. W. Roecker, 1993. Missing Roots and Mantle
"Drips": Regional Pn and Teleseismic Arrival Times in the Southern
Sierra Nevada and Vicinity, California, in press, J. Geophys. Res.

Kanamori, H., E. Hauksson, L. K. Hutton, and L. M. Jones, 1993.
Determination of Earthquake Energy Release and Mj, Using

TERRAscope, Bull. Seismol. Soc. Am. 83, 330-346.

Zhao, D., and H. Kanamori, The 1992 Landers Earthquake Sequence:
Earthquake Occurrence and Structural Heterogeneities, Geophys.
Res. Lett., 20, 1083-1086, 1993.

Watada, S., H. Kanamori, and D. L. Anderson, An Analysis of Nearfield
Normal Mode Amplitude Anomalies of the Landers Earthquake,
Geophys. Res. Lett., in press.

Kanamori, H., Mechanics of Earthquakes, Annu. Rev. Earth Planet. Sci. 22,
207-237, in press, 1994.
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Investigations:

Although the main objective of this project is to develop a method for
systematic monitoring of slow earthquakes, the nature of slow earthquakes
is not fully understood yet. To improve our understanding of the nature of
slow earthquakes, we made a detailed investigation of a few slow
earthquakes as a part of this project. The following investigations were
made.

1. A slow tsunami earthquake
2. W phase
3. Development of a method for systematic detection of slow earthquakes

Results:

1. The 1992 Nicaragua earthquake was a 'tsunami earthquake'; that is, it
generated tsunamis disproportionately large for its surface-wave magnitude,
Ms. The moment magnitude, M,,, determined from long-period (250-s)
surface waves, was 7.6, significantly larger than the 20-s Mg of 7; this Mg-M,,

disparity is also characteristic of tsunami earthquakes. The Nicaragua
earthquake is the first tsunami earthquake to be captured by modern
broadband seismic networks. The Nicaragua earthquake was a slow thrust
earthquake which occurred on the subduction interface between the Cocos
and North American plate, and because of the absence of sediments on the
trench floor offshore of Nicaragua, the slip propagated updip all the way to
the ocean bottom, exciting large tsunamis. The occurrence of slip on a plate
interface filled with soft subducted sediments caused the rupture process to
be slower than in ordinary subduction-zone thrust earthquakes.

2. The recent Nicaragua tsunami earthquake (September 2, 1992) produced a
distinct ramp-like long-period (up to 1000 sec) phase which begins between P
and S waves on displacement seismograms. In terms of ray theory, this
phase consists of long-period P, PP, S, SS, SP, PS, etc. and its propagation
mechanism is similar to that of a whispering gallery. 'In terms of normal-
mode theory, it represents a group of higher-mode Rayleigh waves with a
group velocity close to, but slower than, that of P wave. This phase has not
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been recognized as a distinct phase in the seismological practice because of
clipping of seismograms for very large earthquakes. With the advent of
modern wide-dynamic range seismographs, this phase can be easily
identified for all large earthquakes. This phase will be useful for identifying
slow earthquakes, determining whether slow deformation is precursory or
coseismic to the regular short-period energy release, and determining
velocity structures between the source and the station; this phase is called the
"W phase".

3. We analyzed 1 sample/sec continuous TERRAscope data to look for
anomalous slow events. Our method consists of subdividing the continuous
time series for each TERRAscope station into a series of overlapping time
windows, each 30 min long, and spectral analyzing over a period range of 2
to 1000 sec range. The result is a time-frequency plot for each station. This
plot also includes the known local and teleseismic events for reference.
Since these slow events are most likely to be triggered by a regular seismic
event, detection of slow events will be facilitated by inclusion of regular
events.

Our preliminary results demonstrate that the time-frequency displays
are very effective for quickly scanning large amounts of data to monitor
anomalous seismic radiation which cannot be easily detected by the
traditional method of seismogram reading.

To determine an appropriate amplitude scale we first analyzed data
for quiet days which do not contain any large local or teleseismic events.
The spectrum is taken from the vertical component of long-period channel
of PAS.

We examined the records from PAS for two and half months (part of
February, April, and May of 1992), and found about 10 anomalous events.
These events are very similar to the known slow event near Pasadena
which occurred in 1988 (Kanamori, 1989). To verify the observations at
Pasadena, we examined the data from USC (University of Southern
California); unfortunately, the USC site is too noisy to detect any of these.
We have recently installed another site at Rancho Palos Verdes, and we will
examine the data from this station for verification.

Publications:

Kanamori, H. and M. Kikuchi, The 1992 Nicaragua earthquake: a slow
tsunami earthquake associated with subducted sediments, Nature,
361, 714-716, 1993.

Kikuchi, H., H. Kanamori, K. Satake, Source complexity of the 1988
Armenian earthquake---Evidence for a slow after-slip event---, Final

revised version submitted to J. Geophys. Res., 1992.
Kanamori, H., W Phase, Geophys. Res. Lett., 20, 1691-1694, 1993.
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Kanamori, H., and M. Kikuchi, Mechanism of the 1992 Nicaragua Tsunami
Earthquake, in International Tsunami Symposium, TSUNAMI ‘93,
Aug. 23-27, Wakayama, Japan, 1993.

73



FAULT MECHANICS AND CHEMISTRY
9960-10106

C.-Y. KING
Branch of Earthquake Geology & Geophysics
U.S. Geological Survey
345 Middlefield Road
Menlo Park, CA 94025
(415) 329-4838
e-mail: cking@wr.usgs.gov
PROGRAM ELEMENT I

Investigations

Continued soil-gas radon survey across several faults in California and China.
Continued continuous radon monitoring at two water wells in San Juan Bautista,
California. Discontinued other hydraulic and chemical measurements because of lack of
funding and logistic supports.

Results
Radon Anomalies on Active Faults

A repeat survey of soil-gas radon concentration was conducted across the Calaveras
fault at Seventh Street in Hollister, California on September 30 and October 1, 1993. The
result (Figure 2) shows a similar feature as the earlier survey conducted there in July 1992
(Figure 1), namely, double peaks separated by about 100 m on both sides of the creeping
zone delineated by the offset sidewalks and a USGS creepmeter. Soil-gas samples were
collected by W.C. Evans and analyzed with a gas chromatograph; the result shows a
similar carbon-dioxide profile as radon and a inverted oxygen profile (lower oxygen values
at sites where radon and carbon-dioxide concentration were high). This result supports the
previously proposed mechanism for the observed radon anomalies, namely, by an upward
soil-gas flow in the high-permeability fractured rocks on both sides of the fault-gouge
zone. However, the nitrogen contents of the gas samples do not show any significant
variation along the survey line, perhaps because of fertilizer used at the site (on a lawn in a
park).

Similar radon surveys were conducted across several active faults and ground
fractures in mainland China and Taiwan in October and November 1993. Anomalously
high radon emanations were found on all the surveyed faults and fractures.

Reports

King, C.-Y., 1992, Comments on "222Rp premonitory signals for earthquake" by R.L.
Fleischer, A. Mogro-Campero, Eos, American Geophysical Union Transactions, 73
(48), 517-518.

Ma, Z., Li, X., and King, C.-Y., 1992, Regularity of earthquake migration along four
seismic zones in mainland china, Seismology and Geology, 14 (2), 129-138 (In
Chinese).
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King, C.Y., Zhang, W., and King, B.-S., 1993, Radon anomalies on three kinds of faults
in California, Pure and Applied Geophysics (in press).

King, C.-Y., Basler, D., Minissale, A., Presser,T.S., Evans, W.C., and White, L.D.,
1993. In search of earthquake related hydrologic and chemical changes along the
Hayward Fault. Applied Geochemistry (in press).

King, C.-Y., Zhang, W., and King, B.-S., 1993, Radon anomalies on three types of

faults in California (abs.), Abstracts Volume of 2nd International Colloquium on Gas
Geochemistry, Besancon, France.
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Radon Profile
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Experimental Rock Mechanics, Crustal Metamorphism and Slab
Earthquakes

Stephen H. Kirby, Project Chief and Brad Hacker
U.S. Geological Survey
345 Middlefield Road, MS/977, Menlo Park, California 94025,
(415) 329-4847
e-mail: skirby@isdmnl.usgs.wr.gov
Program Elements: 1.1 and 1.2

Investigations Undertaken: We continue to explore the physics of
earthquakes along active plate boundaries by a multidisciplinary approach
involving seismology, numerical modelling and laboratory investigations. Our
main objective is to better understand the tectonic and seismic implications of
kinetically-controlled metamorphic processes that occur in subduction zones.
Intraslab earthquakes at intermediate depths (40-300 km) pose a significant
seismic hazard worldwide. Since 1959, there have been over 600 with moment
magnitudes My, > 6.0, nearly 100 with My, > 7.0 and several with My, > 8.0 (Astiz et
al.,, 1988; Okal,1992). Harvard CMT Catalogue (1983 to 1993). Near populated areas in
Central America, Southern Mexico, the Japanese Archipelago, Taiwan, South
America, and Roumania, these earthquakes (and similar ones that have occurred
earlier in this century) have caused appreciable loss of life and property damage.
Closer to home, such damaging earthquakes have occurred in the subducting Juan
de Fuca slab beneath the Puget Sound region and there is potential for such
events in the southern Alaska. Even though subduction has ceased beneath much
of Northern California as the Mendicino Triple Junction migrated north in the
late Cenozoic, it is unlikely that the fossil subducted Juan de Fuca/Farallon slab
and the overlying North America plate forearc have completely reached thermal
and thermodynamic equilibrium. Metamorphic reactions and in particular fluids
liberated by dehydration in that setting may be influencing the physics of the
San Andreas fault zone in ways we currently do not fathom, motivating further
study of the problem. We basically want to answer three questions: Where in
subducting crust do the series of reactions transforming basalt/gabbro to eclogite
and attendant dehydration occur? This question is important because it dictates
where the large volume change of that transformation (-15%) occurs and this
volume change must be accomodated by slab deformation. What are the
quantitative effects of these reactions on the states of stress of subducting slabs
and in particular where is the locus of maximum seismic moment release? Are
slab seismicity, velocity structure and focal mechanisms consistent with a phase
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change model of slab deformation? The first question is best addressed by
experimental studies of the kinetics of mafic metamorphic reactions. The second
question is best studied by numerical simulations of the stresses that accompany
the volume changes of such reactions and studies of slab seismicity and focal
mechanisms. The third may be answered by examining the seismicity and focal
mechanisms of active subduction zones. The range of expertise required to answer
these questions is not found in any one project and hence it benefits from
collaboration with other projects in two other branches: BIVP (S. Bohlen and R.
Denlinger) and BSGI (E.R. Engdahl). It also benefits from cooperative support
from the Deep Continental Studies Program.

Results:

Experimental Studies We undertook two important tasks in our exploratory
program on experimental kinetics of transformations in mafic minerals. First, we
are adapting the ultrasonic technique for in situ  detection of mineral reactions
to the piston-cylinder, the apparatus that can reach transformation pressures in
mafic systems. This technique detects changes in time of flight of a pulse echo
from an ultrasonic source located on one end of a sample and reflecting off the
other end. A reduction in time of flight should result from the shortening of the
sample that accompanies the volume change and from the increase in the
ultrasonic velocity of the higher-pressure phases. We have built the instrument
package with its computer interface and are working on reducing the complexity
of the ultrasonic waveforms and reducing the signal-to-noise ratio by improving
the assembly design. When the design is optimized, we can establish a complete
reaction curve from a single computer-automated experiment. With a series of
such experiments at different pressures and temperatures, we can efficiently
determine kinetic laws. Second, Brad Hacker has completed his exploratory study
of the albite — jadeite + quartz reaction, a model reaction for one of the key steps
in the formation of eclogite: the consumption of the albite component of
plagioclase to produce omphacitic clinopyroxene and quartz (Hacker et al., 1993).
He confirmed preliminary findings reported last year that excess water reduces
the temperature required to induce significant reaction from 1100°C under dry
conditions to 700°C with water added. The optical transformation microstructures
are also markedly different in specimens reacted under wet and dry conditions
(Hacker et al., 1992, 1993; Bohlen et al., 1992, 1993). These results buttress our
argument that large-scale eclogite formation in slabs coincides with slab
dehydration. In thermally-mature subduction =zones, the prevailing theory from
petrology is that this takes place at the roots of arc volcanoes.

Theoretical Studies: Denlinger and Kirby have completed an initial 2-D finite-
element model of stress state in a 50 km-thick flat plate with a total down-dip
length of 200 km. A 5-km-thick crust transforms to eclogite with a volume
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reduction of 12%. No slip occurs along the crust-mantle boundary. Both elastic
and simple plastic rheologies were adopted. The difference in computed stress
levels for these two rheologies is proportional to the amount of plastic
deformation. The assumed yield stress does not change the pattern of deformation,
which is dominated by in-slab stretching in transformed crust that decays rapidly
updip from the gabbro/eclogite phase boundary. In the mantle beneath the
crust-mantle boundary, both compressive and stretching deformations are
produced. We have also investigated the energetics of these slab stresses based on
thermodynamic constraints that require that the elastic strain energy can only
be nonzero when the transformation occurs under disequilibrium conditions, i.e.,
at depths greater than the equilibrium P-T mineral reaction boundaries. This
means that the onset of these phase-change stresses with depth be no shallower
than the equilibrium boundary of the shallowest eclogite-forming reaction, that
producing garnet at pressures of 0.8 to 1.4 GPa at 600°C. Those pressures
correspond to depths of 20 to 45 km, an interval that brackets the depth of onset of
non-flexural intraslab earthquakes in subduction zones involving young, hot
crust, such as Cascadia, Southern Mexico and Southern Chile.

Seismic Studies. In an effort to gain insight into the pressure, temperature and
stress conditions found in subducting lithosphere, we have conducted a
preliminary study of the seismicity and focal mechanisms of subduction zones as a
function of the age of lithosphere entering trenches. We used ISC and Harvard
CMT data. The results of our study show clear and marked changes in earthquake
depth distribution, focal mechanisms and maximum moments with increasing age
of lithosphere up to plate age of about 20 Ma (Table 1). At greater age, no
significant changes occur in intermediate-depth seismicity. The changes in

Table 1 Plate-Age-Dependent Properties of Intermediate-Depth
Intraslab Earthquakes in Active Subduction Zones

Age < 20 Ma 20 Ma < Age < 50 Ma
Maximum Earthquake Depth 70-120 km 200-325 km
Depth to Onset of Non-flexure EQs > 20 to 45 km 85-125 km
Depth to First Peak in EQ Numbers 40-80 km 105-155 km
Maximum Seismic Moment, M, 5 x 1027dyn-cm3 1.0 to 2.6 x 1028 dyn-cmb
Focal Mechanism Type In-Plane T Axes Down-Dip T Axes
Examples: 1 2
Arc Volcanism Sparse or Absent Generally Active
Average Offshore Heatflow 270 to 60 mW/m2 55+ 15 mW/m2

Decreases with Age Independent of Age
Table References
2 Earthquake of 15 January 1931 at 40 km depth in Southern Mexico (Singh et al. ,
1985)
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b Earthquake of 9 Dec 50 at 90 to 130 km depth in Northern Chile and

Northwestern Argentina (Kausel and Campos, 1992; Okal, 1992)
1Cascadia (Juan de Fuca: 2.6-9.4 Ma), Southern Mexico (Cocos -102 to -95°E: 3-17
Ma), Central Mexico (Rivera -104.5 to -107° E: 7 to 15 Ma); Colombia/Ecuador (Nazca
1 to 3.5°N: 12-15 Ma), Central Manila (Eurasia 16-18°N: 15.5 to 20 Ma) and Nankaido
(Philippine: 20-22 Ma). Very sparse shallow slab seismicity was also found in the
South Shetlands (Antarctic: 16-21 Ma), Southern Chile (Nazca -42 to 47°N: 0-11
Ma), and Tierra del Fuego (-47 to -55°N Antarctic 10-20 Ma).
230uth America -42 to 1°N, Central America, Vanuatu, Northern Ryukyu, Taiwan,
Northern Philippines, Southern Alaska and the Aleutians.

seismic characterisitics with plate age up to 20 Ma parallel those of heat flow and
arc  volcano vigor and suggests that slab thermal structure has a strongly
nonlinear effect on slab stresses and/or seismic failure processes and how they
vary with depth. The temperature effect on the kinetics of metamorphic reactions
has the requisite nonlinear form.

We collaborated with Bob Engdahl of BSGI in Golden in interpreting precise
relocations of slab earthquakes. Engdahl's reidentified the associated phases
reported to the ISC in South and Central America. He distinguished between depth
phases (especially pP vs pwP) and core phases with crossovers in travel time by
predicting the bounce points and the local depth to the ocean floor and then
fitting the observed travel-time data of associated phases to the predicted travel-
time curves for all phases (van der Hilst et al.,, 1991; van der Hilst and Engdahl,
1992). Moreover, he passed the resulting solutions through a quality filter based
on maximum standard errors of the solutions and a mimimum azimuthal station
coverage. A significant result of the cooperative work with Bob Engdahl was the
discovery  of numerous curvilinear clusters of intermediate-depth earthquakes in
the subducting Nazca slab, some of which are aligned with offshore seamount and
island chains and the orientations of all of them are consistent with Cenozoic
motion of Nazca relative to the hot-spot reference frame (Kirby and Engdahl,
1993). These clusters are, by this evidence, the seismic expressions of subducted
volcanic features that were formerly island-and-seamount chains. We are testing
an extension of the model of Kirby, Denlinger, Hacker and Bohlen (in
preparation) that these regions of clustering repesent the effects of dehydration
and eclogite formation on the stress state and failure in subducting crust that is
locally anomalously thick. Evidently, thicker crust delays the progress of these
metamorphic reactions to depths greater than 100 to 150 km and hence intense
seismic activity extends to those depths. Globally, much of the seismic moment at
depths between 150 and 325 km is released in clusters of this type and it is
significant that subduction zones which have little complexity in the crustal
stucture being consumed at trenches (e.g., the Kuriles and the Central Aleutians)
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also do not show earthquake clustering in that depth range. This connection
between subducting volcanic features and seismic moment release at intermediate
depths may be a significant tool in assessing the zonation of seismic risk from
those earthquakes, providing that we know something about the complexity of
crustal structure and recent subduction history as recorded in forearc
deformation. A similar connection between volcanic edifices on the ocean floor
and subduction-zone earthquakes has been raised by Mark Cloos (1992) who
points out that some large underthrusting earthquakes may represent the
dismemberment of such edifices by interplate underthrusting. 1t is significant
that many of the medium-sized linear volcanic edifices subducting at the Peru-
Chile trench produce clusters both at shallow and intermediate depths (Kirby and
Engdahl, 1993).

Our final accomplishment is the organization and sucessful funding of an
interdisciplinary  conference on subduction called SUBCON: Subduction from Top
to Bottom. The conveners were Kirby, Dave Scholl and Gray Bebout. Funding was
made possible by writing six proposals to six Geologic Division Programs and
outside funding agencies. Our goal is to try to understand the diversity of the
seismic expression of subduction by better appreciating the diversity of
minerallogical and geochemical makeup and internal thermal and mechanical
structure of the subducting oceanic lithosphere entering trenches and by  better
understanding the evolution of oceanic lithosphere during descent. To
accomplish this goal we have invited 126 scientists from varied backgrounds to
spend a week with us at a multidisciplinary conference on Catalina Island in June
of 1994. They have been asked to convey their science in terms intelligible to the
other sicntists at the meeting. This may well be the first time such a breadth of
expertise has been brought together to focus on what is clearly a very complex
thermal/chemical/mechanical environment.

References Cited (but not in section that follows)

Astiz, L., Lay, T. and Kanamori (1988) Large intermediaite-depth earthquakes and
the subduction process. Phys. Earth Planet. Inter., 53, 80-166.

Cloos, M. (1992) Thrust-type subduction-zone earthquakes and seamount
asperities: a physical model for seismic rupture. Geology, 20, 601-604.

Kausel, E. and Campos, J. (1992) The Mgy = 8 tensional earthquake of 9 December

1950 of northern Chile and its relation to the seismic potenial of the region.
Phys. Earth Planet. Int., 72, 220-235.
Okal, E. (1992) Use of the mantle magnitude My, for the reassessment of the

moment of historical earthquakes. Il: Intermediate and deep events.
Pageoph, 139, 59-85.

Singh, S.K., Suarez, G. and Dominguez, T (1985) The Oaxaca earthquake of 1931:
lithospheric normal faulting in the subducted Cocos plate. Nature, 317, 56-58.

van der Hilst, R. and Engdahl, E.R. (1991) On PP and pP data and their use in delay-
time tomography of the Caribbean region. Geophys. J. Int., 106, 169-188.

van der Hilst, R. and Engdahl, E.R. (1992) Step-wise relocation of ISC hypocenters
for linerized tomographic imaging of slab structure. Phys. Earth  Planet. Int.,
75, 39-53.

82



Reports Published (Late 1992 to end of 1993):

Papers

Hacker, B. R., Kirby, S. H., and Bohlen, S. R. (1992) Time and metamorphic
petrology: Calcite to aragonite experiments. Science, 258, 110-112.

Kirby, S.H. and Hacker, B.R. (1992) Earthquakes at the deep roots of arc volcanoes.
Geophysics News, 24-26.

Hacker, B.R. and Kirby, S.H. (1993) High-pressure deformation of calcite marble
and its transformation to aragonite under non-hydrostatic conditions. J.
Struc. Geol., 15, 1207-1222.

Kirby, S.H., Denlinger, R., Hacker, B. and Bohlen, S. (1993) Subduction-zone
earthquakes, crustal phase changes and the roots of arc volcanoes. Solicited
by the journal Science (In preparation for Survey review and subsequent
journal submission in early FY 94).

Kirby, S.H. and Stern, L.A. (1993) Experimental dynamic metamorphism of mineral
single crystals, J. Structural Geology 15, 1223-1240.

Durham, W.B, Kirby, S.H. and Stern, L.A. (1992) Effects of dispersed particulates on
the rheology of water ice at planetary conditions: J. Geophys. Res., 97, 20,883-
20,897.

Durham, W.B., Kirby, S.H. and Stern, L.A. (1993) Flow of ices in the ammonia-water
system: J. Geophys. Res., 98, 17,667-17,682.

Abstracts .

Hacker, B.R., Bohlen, S.R. and Kirby, S.H. (1993) Albite — Jadeite + Quartz in
Albitite, Eos: Trans. Am. Geophys. Union, Fall 1993 Supplement, p. 611.

Kirby, S.H. (1993), Curvilinear belts of intermediate-depth earthquakes in the
Nazca slab: An expression of the thermomechanical effects of deeply
subducting volcanic island and seamount chains? Eos: Trans. Am. Geophys.
Union, Fall 1993 Supplement, pp. 94-95.

83



Investigation of Anza Seismic Network Data for Fault Zone
Trapped Waves

14-34-93-G-2289
Program Element 1.1
Yong-Gang Li
University of Southern California
Southern California Earthquake Center
Los Angeles, CA 90089-0740
213-740-3556

Frank L. Vernon
University of California, San Diego
La Jolla, CA 92093
619-534-5537

INVESTIGATION

Our investigation has two main objectives: to search for
evidence for fault zone trapped waves at the locked segment of the
San Jacinto fault (SJF) near Anza, California and to evaluate detailed
fault zone structures of the SJF Anza segment using trapped mode
data.

Small earthquake epicenters near Anza seismic slip gap define
a 20 km quiescent segment of the SJF bounded to the northwest and
southeast by areas of relatively high seismicity. Since 1890 at least
six and perhaps as many as 10 earthquakes greater than M6 were
associated with the SJF. The 1899 M6.4, 1918 M6.8, 1923 M6.2, 1937
M6.0, 1942 M6.5, 1954 M6.2 and 1968 M6.8 earthquakes occurred
the edges of the Anza gap. Smaller more recent events such as the
1967 M4.8 and M4.7, 1975 M4.8, 1980 MS5.5 earthquakes occurred in
the region of the Anza seismic gap (Figure 1). A 12 mm/year surface
slip rate in late Pleistocene-Holocene is also measured in the Anza
section. Based on a seismic gap in the rupture zones of past M=6
shocks, the Anza segment has been proposed as a likely rupture
plane for a M6+ earthquake.

In the present investigation, we use fault zone trapped waves
to study the fault zone structure in 3-D at the Anza segment and the
probable nucleation process of a future main shock. Because the
characteristics of fault zone trapped waves (amplitudes and
frequency contents) are strongly dependent on the locations of the
sources and receivers relative to the fault zone, we can resolve the
fault zone core layer (fault gouge) with thicknesses from tens to
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hundreds of meters. We can probably distinguish microevents that
occur in the immediate vicinity of the fault plane. These events are
far more relevant to the nucleation process of the mainshock than
the more numerous events occurring at the flanks of the fault zone.

RESULTS

In phase I of this investigation, we deployed five portable
REFTEK instruments with nine three-component sensors at three
recording places along the surface trace of the SJF Anza segment for
four months in 1992 (Figure 1). Two places (called REF1 and REF2)
are near station WMC of the USGS/UCSD Anza Seismic Network and
the third one (REF3) is near network station SND. We recorded about
300 seismic events. In phase II, we reoccupied the recording place
REF3 and deployed six REFTEK stations along a 500 m line
perpendicular to the fault trace in 1993. We recorded forty events in
three weeks. Figure 2 shows epicenters of 120 events recorded by
REFTEK instruments with appropriate data quality for waveform
analysis.

We completed a systematic examination of these events in the
time and frequency domains. We found distinct wavetrains with
relatively large amplitude and slight dispersion, closely following S-
waves (Figure 3). These wavetrains show up only when both the
stations and the earthquakes are close to the fault trace. We
interpret these wavetrains as seismic guided waves trapped in a low
velocity fault zone. Based on trapped mode data recorded by
portable instruments, we examined the recordings of the Anza
seismic network for these events. We found that the fault zone
trapped waves were registered only at station SND which is located
closest (~100 m south) to the fault trace. Also, we did not observe
trapped waves at any stations for earthquakes occurring outside of
the fault zone.

To confirm the existence of fault zone trapped waves, we
eliminated source and recording site effects by the coda
normalization method. The normalized amplitudes of fault zone
trapped waves show a spectral peak at 3-5 Hz for events occurring
within the fault zone southeast of the Anza gap. A spectral peak at
5-8 Hz is found for events occurring within the fault zone near the
gap to the northwest. Interestingly, similar fault zone trapped modes
were also found at the San Andreas fault (SAF) near Parkfield (Li et
al, 1990) and recently at the fault zone ruptured in the Landers,
California, earthquake of 1992 (Li et al, 1993). But, the dominant
frequency of trapped waves at the SJF Anza segment is higher than
the dominant frequency (2-5 Hz) of trapped waves at the SAF near
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Parkfield or at the Landers fault zone. This implies that the width of
the fault zone at Anza gap is narrow and/or the velocity contrast
between the fault zone and surrounding rocks is low. Figure 4 shows
the synthetic SH-component of fault zone trapped waves using the 2-
D finite difference method (Vidale et al, 1985). By modeling of
trapped waves, we estimate that the width of the low velocity fault
zone is about 150 m southeast of the Anza gap and narrows to less
than 100 m in the gap itself. The shear velocity is about 2.5 km/s for
the fault zone and 3.5 km/s for the surrounding rocks. We shall do
more thorough modeling of trapped waves that should result in a
more detailed 3-D model of the fault zone.

Hypocenters of earthquakes with clear fault zone trapped
waves (denoted by the filled symbols in Figure 2) show a systematic
distribution both laterally and with depth, delineating the extent of
the low velocity fault zone along the SJF trace in three dimensions.
We find that the low velocity fault zone extends to a depth of at least
15 km. This zone is well developed along the Coyote Creek fault
(south branch of the SJF) southeast of the Anza where the M6.0
earthquake of 1937 and the M6.8 Borrego Mountain earthquake of
1968 occurred. The zone also exists along the middle branch of the
SJF between Anza and Clark Valley, but extends a short distance (10-
15 km) along the Buck Ridge fault (north branch of the SJF). The
hypocentral distribution of the events also suggests that the Coyote
Creek fault may dip to northeast at an angle of ~75°, and merge into
the SJF at a depth of ~15 km, consisting with the results from
seismotectonic study (Sanders and Kanamori, 1984). We also find
that this zone exists northwest of the Anza gap along the San Jacinto
Valley segment (middle branch of the SJF) but is not well developed
along the Casa Loma fault (south branch of the SJF) and the Hot
Spring fault (north branch of the SJF). This implication from fault
zone trapped mode data is consistent with the seismicity analysis at
the Anza segment (Magistrale and Sanders, 1993). This also suggests
that the San Jacinto Valley fault might be ruptured in the 1899 M6.4
and 1918 M6.8 earthquakes instead of the Casa Loma fault.

We continue the analysis of the entire Anza Seismic Network
data set since 1982 for further evidence for the interpretations
addressed above.
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Figure 1 Location map of REFTEK stations (REF1, REF2, REF3 denoted by solid bars) and stations of
the Anza Seismic Network (denoted by squares). The epicenters of major earthquakes with M>4 since
1890 are denoted by solid circles.
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Source parameters of the 1992 Joshua Tree earthquake sequence are being examined from
broadband regional TERRAscope data and from local recordings by Southern California
Earthquake Center portable, digital instruments. In order to calculate source parameters, non-linear
least-squares best fits are calculated to P-wave spectral ratios. At each site the main shock Fourier
amplitude spectrum is divided by the foreshock and aftershock Fourier amplitude spectra. Spectral
ratios are used instead of the spectra because the division of the spectra of colocated earthquakes
should remove site and path effects leaving only the divided source spectra. In this study the
spectral ratios are fit to a source model from Boatwright [1978]. This spectral source model is
similar to earthquake source models originally proposed by Aki [1967] and Brune [1970].

1+ (Loyrye

L S
R(f)= Q‘; ! 7 1)
QO [1 + (___L_)Z‘}' ]1/2

R(f) is the ratio of the Fourier amplitude spectra. 016 is the low-fg:equency spectral asymptote of
the Joshua Tree main shock spectrum (larger earthquake) and € is the low-frequency spegtral
asymptote of the foreshock or aftershock spectrum (smaller earthquake). Similarly, ]% and f, are
the corner frequencies of the main shock and foreshock/aftershocks, respectively. The parameter 7y
is the source spectral falloff which is assumed to be 2.0. s

The ?t paraeters are the ratios of the low frequency asymptotes, Qé/ , and the corner
frequencies f, and f.. The ratio of the low frequency asymptotes is equal to the ratio of the seismic
moments for colocated earthquakes with the same focal mechanisms. The spectral ratios at each of
the TERRAscope sites are jointly inverted for the corner frequency of the main shock (fixed to be
the same for all spectral ratios), the corner frequencies of the smaller earthquakes (foreshock and
aftershocks), and the seismic moment ratios.

The least-squares best fits are determined by iteration from an initial guess using the
simplex algorithm [Nelder and Mead, 1965; Caceci and Cacheris, 1984]. An example of afitto a
spectral ratio from site PAS is shown in Figure 1.

The stress drop can be estimated from the seismic moment and the S-wave corner
frequency [Brune, 1970].

At =17/16 (2nf,/2.34B)3 My (2)

where At is the stress drop, f;; is the S-wave corner frequency, B is the shear wave velocity at the
source, and Mg is the seismic moment. The shear wave velocity is assumed to be 3.3 km/s. In the

91



present study, the P-wave corner frequency is used instead of the S-wave corner frequency. In
order to use equation (2), the P-wave corner frequency is assumed to be 1.46 greater than the S-
wave corner frequency following Trifunac [1972].

Results

Seismic moments, corner frequencies, and stress drops have been calculated for the main
shock, its largest foreshock, and 12 aftershocks using rs% ordings from TERRAscope stations
(Figure 2). Seismic moments range from 2 1021 to 21025 dyne-cm. Corner frequencies range
from 0.51 to 4.8 Hz. Aftershock stress drops range from 4.2 to 41 bars with a log-average stress
drop of 15 bars. The foreshock stress drop is relatively large, 31 bars, but is within the aftershock
stress drop range. The main shock stress drop of 203 bars is significantly larger than any of the
aftershock or foreshock stress drops.

These results indicate that the main shock stress drop is significantly greater than the
aftershock stress drops. There are several possible causes for the difference in the stress drop
between the main shock and aftershocks. As suggested by Kanamori et al. [1993], the low stress
drops of aftershocks compared to the main shock may be related to observations that short repeat
time earthquakes have lower stress drops [Kanamori and Allen, 1986; Houston, 1990]. The lower
stress drops for shorter repeat time earthquakes may be due to shorter healing times between
ruptures. This explanation seems to imply that at least some of the aftershocks re-ruptured the
rupture plane of the main shock.

Another possibility is that the main shock was a nearly complete stress drop event with
aftershocks occurring on weak adjacent faults as was suggested for the 1989 Loma Prieta,
California, earthquake [Beroza and Zoback, 1993; Zoback and Beroza, 1993]. The low aftershock
stress drops may be an indication that the aftershocks are the result of relatively low residual
stresses remaining after the main shock rupture. These residual stresses would be significantly
less than the tectonic stress that was built up prior to the main shock.

The stress drop of the foreshock is somewhat more difficult to explain. Both the study of
Kanamori et al. [1993] and the present study find the foreshock stress drop to be relatively large,
but within the range of aftershock stress drops well below the main shock stress drop. Since the
foreshock is the result of stresses in place prior to the main shock, it might be expected that the
foreshock would have a stress drop close to the main shock stress drop. The foreshock may have
occurred on a weaker section of the fault that dynamically loaded but could not rupture through a
stronger section of the fault where the main shock nucleated. Regardless, since the foreshock
stress drop is low compared to the main shock stress drop, it appears that it would have been
difficult to identify the foreshock as a precursor to a larger earthquake from its stress drop alone.
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Table 1. Source Parameters of the Joshua Tree Earthquake Sequence.

Earthquake No. Magnitude log-average log-average  log-average

stations Caltech moment (dyne- comer stress drop
catalog cm) %my (bars)
4/23 02:25:30 6 4.6 1.2 1023 1.47 31
4/23 04:50:23 6 6.1 1.9 1025 # 0.51 203
4/23 13:35.57 S 4.1 4.6 1022 1.04 42
4/23 18:56:03 S 44 3.1 1022 191 17
4/26 03:07:58 4 3.6 7.9 1021 3.17 20
4/26 06:26:08 6 4.2 1.4 1023 0.87 7.4
427 03:11:19 5 42 1.1 1023 0.85 53
5/2 12:46:41 6 42 2.6 1022 2.69 41
5/4 01:16:03 6 4.1 4.2 1022 1.47 10
5/4 16:19:50 5 49 4.2 1023 0.99 33
5/6 02:38:43 6 4.7 2.11023 1.10 17
517 06:21:32 S 3.3 1.9 1021 4.78 17
5/18 15:44:18 6 4.9 4.9 1023 0.86 25
6/11 00:24:19 5 43 5.7 1022 1.56 17

# The seismic moment of the Joshua Tree main shock is taken from Kanamori et al. [1993].
Seismic moments of the other earthquakes are determined from this value and the ratios of the low
frequency asymptotes determined from the least squares fits.
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Figure 1. Example of fit to spectral ratio at station PAS for main shock spectrum divided by

aftershock spectrum. Ratio of low-frequency asymptotes is approximately 650, main shock corner
frequency is 0.23 Hz, and aftershock corner frequency is 1.1 Hz.
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Figure 2. Log-average source parameters of the six TERRAscope stations. Straight lines are lines

of constant stress drop. Square is the main shock, triangle the foreshock, and circles are
aftershocks.
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Objectives

Ground penetrating radar (GPR) provides, in many geologic en-
vironments, very detailed images of near-surface earth stucture
beneath the GPR survey line. These images contain information
similar to what would be observed on the wall of a trench cut
vertically along the same line. Preliminary data in the San
Francisco Bay region indicate that GPR images do corellate with
existing trench observations, can be used to locate faults where
they are buried or where their positions are not well known, and
can identify previously unknown faults. GPR data potentially
provide a valuable adjunct to trenching for studying the history
of displacements of geologic units across faults, and extending
trench data to depths greater than those to which trenching can
be done.

Data Acquisition

In July of 1993, personnel from The University of Texas at
Dallas conducted ground penetrating radar (GPR) surveys at a
number of sites around San Francisco Bay. The sites were
chosen in consultation with people at the USGS office in Menlo
Park (Drs. M. Fisher, M.G. Bonilla, and E. Brabb) to allow
investigation of a variety of geologic situations and to give
control by collecting data at previously trenched sites.

GPR data were collected at five main locations:

1) near Olema, across the presumed trace of the 1906 event.
Trench data were available. A second site was investigated
at the suggestion of our Olema contact; this was about 3 km
SE of the first, and is at the presumed maximum displacement
of the 1906 event. Both sites yielded high quality data;
the second one provided the best depth of penetration
(> 40 m) of all sites at which data were collected.

2) near Millbrae, in the San Francisco watershed. Trench data
were available at two sites across the San Andreas (ref.
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Bonilla et al., 1978). Both of these yielded data in which
the mapped faults appear as disturbed zones in the GPR data.

3) near Altamont Pass, Livermore. Trench data were available
at two sites across the Greenville fault. GPR data were
taken at one of them. The fault is not visible at shallow
depths in the GPR data, probably because the clays present
there do not produce sufficient lateral contrast in material
properties. However, there is a series of structural trun-
cations that correlate with the mapped fault location at
10-15 m depth.

4) near Pescadero, on the coast. Trench data were available
at one site across the San Gregorio Fault. This was the
only site at which no corellation with faults was visible
in the GPR data. This failure is consistent with the large
proportion of clays at the site and the conditions (water
saturated, possibly with salt water); both of these limit
GPR penetration as they correspond to high electrical con-
ductivity.

5) at the Freemont City Hall. Trench data were available at
numerous sites around the city hall across the Hayward
fault. GPR data were collected at two recent (1990) and
three older (1986) trenches. The faults were visible in the
GPR data and corellated with the mapped locations in the
trenches.

Data Presentation

Preliminary results, in the form of plotted sectins of all the
data were presented and discussed upon completion of the field
work, at Menlo Park and Deer Creek facilities of the USGS.
This also produced initial discussions of possible future
projects (e.g. landslides, as well as additional hazard and
neotectonic applications).

Data Processing and Analysis

Data processing is now in progress; one PhD graduate student
(Jun Cai) is spending 100% of his time on this project. Proces-
sing includes filtering, editing, adding topographic data,
velocity analysis, migration and coherency enhancement. We
expect to have a paper completed for publication in the spring
of 1994, and will be submitting a follow-up proposal, for more
GPR work in the Bay region, to NEHRP at that time.
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Data format and availability

Field data are in the format designed by the equipment manu-
facturer (Sensors & Software, Inc.). This consists of a file
header containing survey parameter information, followed by
each trace; each trace has its own header followed by the data
samples in 16 bit integers. Field data are available from the
P.I. at

Center for Lithospheric Studies

The University of Texas at Dallas

P.O. Box 830688 (FA31)

Richardson, TX 75083-0688

Edited data and plotted sections will be delivered to the USGS
as part of the final project report, early next year.
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Machine Shop Services

9960-10156

C.E. Mortensen
Branch of Earthquake Geology and Geophysics -
U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025
(415) 329-4856, FAX (415) 329-5163
cmortensen@isdmnl.wr.usgs.gov
Program Element I

Investigations

This project provides machine shop services for laboratory experiments in rock mechanics and for
specialized experimental field equipment and instrumentation.

Results

The shop serves both the Branch of Earthquake Geology and Geophysics, and the Branch of
Seismology. The in-house development and model fabrication capability provided by the machine shop
is critically important to the overall efficiency of laboratory and field experimental efforts within the
office. The skilled technical staff of the shop works directly with scientists on unique and untested
experimental projects in an interactive mode. This close communication and iterative developmental
process is difficult or impossible to achieve with a contracted approach. Furthermore, we believe the
machine shop is cost effective given the typical volume of work in supporting the two branches.
During the occasional but infrequent slack periods in developmental work, the shop can take on limited
production machining that ordinarily would be contracted out, thus realizing further savings. Most
material costs are borne by the projects requesting the work.

Reports
n/a
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Array Studies of Seismicity
David H. Oppenheimer
Branch of Seismology
United States Geological Survey
345 Middlefield Road - MS 977
Menlo Park, California 94025
415-329-4792 / oppen@alum.wr.usgs.gov
NEHRP: NC:1, I1, III, IV

Investigations

1. Data management for the Northern California Seismic Network (NCSN).
2. Prototype development of GIS-based seismicity maps.

3. Replacement of the Real Time (Earthquake) Picker.

4. Seismicity of the April 25, 1992 Cape Mendocino earthquake.

5. Seismicity of the Calaveras fault.

6. Examination of seismic moment release rates in the Western U.S.

Results

1. The last phase of the reprocessing of NCSN earthquake data collected since 1968 was complet-
ed (see previous Reports). David Oppenheimer and Nan MacGregor-Scott identified likely ex-
plosions in the catalog using criteria of known quarry locations, time-of-day, day-of-week,
date-of-operation, depth, and percent of compressional first-motion readings. They also fixed
the origin coordinates of NTS blasts and seismic reflection/refraction explosions that were cap-
tured by the NCSN.

The entire catalog of earthquake locations, parametric data (e.g., phase readings, coda dura-
tions, erc.), and focal mechanisms now resides at the UC Berkeley/USGS data center and is
available to users with access to the Internet. This project updates the data at the data center on
a daily basis after processing by Barry Hirshorn. Waveform data since 1984 continues to be
loaded onto the mass storage device at the data center. In addition, David Oppenheimer pro-
duced a network bulletin that documents station locations, location procedures, network re-
sponse, and significant seismicity recorded by the NCSN during 1992.

Steve Walter prepares and distributes a report of seismicity recorded by the NCSN each week.
This report is sent by e-mail and fax to more than 400 recipients, including the media, emer-
gency response officials, government agencies, and academicians. The report is also posted to
public access bulletin boards read by thousands of individuals. The report is a regular feature in
many newspapers in California and is also distributed by a commercial enterprise. Nan
MacGregor-Scott provides a daily telephone message of significant seismicity in the preceding
24 hours.
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2. Because the catalog of earthquakes recorded by the CALNET between 1967 and 1992 now ex-
ceeds 320,000 earthquakes, with each year adding an additional 15,000 earthquakes, it is no
longer practical nor desirable to publish bulletins of all earthquakes recorded by the network.
Instead, most seismologists prefer to have the data in digital form. However, for the non-seis-
mologist, there is a need for maps of earthquakes recorded by the network. To address this
need, Steve Walter has generated raster-scan images of the 1:250,000 scale USGS topographic
base maps for central California and has imported these scans into ARC/INFO, a GIS system
that makes it possible to overlay the seismicity on the digitized topographic base. The resulting
map series will have the same scale and boundaries as the maps of the Geologic Atlas of Cali-
fornia published by C.D.M.G.

The San Jose sheet is our prototype map. For the map view, Steve has succeeded in portraying
seismicity such that its color is a function of earthquake depth. Well constrained focal mecha-
nisms are also depicted in map view. For the cross sections, we portray each aftershock se-
quence with its own color and make the color shade a function of the time of each event
relative to the mainshock occurrence. Thus, it is possible to recognize both individual earth-
quake sequences and their time dependent aftershock behavior. We anticipate completion of
this map by mid year and are at work on the adjacent San Francisco sheet.

3. Alex Bittenbinder successfully designed and implemented a prototype computer system that
replaces the Real Time (Earthquake) Pickers (RTP) that have been operating continuously
since 1981. The new generation of hardware uses multiple computers (PC’s running DOS and
Unix machines) connected by Ethernet to digitize, detect, and locate earthquakes in real time.
This project has been responsible for all of the hardware development and most of the software
development. The code that times (picks) the earthquake arrival time was written by Will
Kohler. Modifications to the time code reader were made by Lynn Dietz, and Barbara Bogaert
managed the project flow.

The new RTP has three principal modules. The first module is the data acquisition computer.
This machine digitizes 256 channels of analog seismic data at 100 sps in real time while simul-
taneously reading time code, checking for channel skipping in the A/D, and broadcasting the
time-stamped data onto an Ethernet cable for reception by the ‘picker’ module.

The ‘picker’ computer receives the Ethernet broadcasts of 256 channels of data in real time
while simultaneously calculating the arrival time, first motion, and coda duration of any detect-
ed earthquakes. The picker module, at present, broadcasts its picks via RS232 to the locator
module.

This third machine runs a prototype pick associator developed by Carl Johnson of the Univer-
sity of Hawaii at Hilo. The associator distinguishes earthquakes from independent noise trig-
gers and reports earthquake picks to existing Unix software that locates the event and issues an
alarm if the event meets prescribed criteria.

The project has also developing a module that displays selected channels of the real time data
stream. This module is useful for network maintenance and debugging purposes. Q/A testing
of all the modules is now underway and a documentation is being produced. We anticipate de-
signing additional modules that attach to the Ethernet to save triggered waveform data, pro-
duce the average amplitude at each station over 1 second intervals for map display, and
compute real-time amplitude spectral elements for detection of volcanic tremor.
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4. Oppenheimer led an effort to publish an overview article of the Cape Mendocino earthquake
sequence. See the Volume XXXIV report for a description on the seismicity recorded by the
NCSN. Marian Magee has developed a 1-D velocity model for the triple junction region using
a comprehensive set of stations and earthquakes spanning the period 1975 through 1993. This
velocity model, derived through an inversion of traveltime data, will serve for as the basis of a
detailed investigation of the seismotectonics of the region this year.

5. On 1/16/93 a M5.0 earthquake occurred on the Calaveras fault near Gilroy, California. An
earthquake of this size was forecast for this location by Oppenheimer in a paper published in
1990, and the occurrence of this 1993 earthquake provides an opportunity to verify the forecast
method. The earthquake occurred on the southeastern edge of a regions of the fault where per-
sistent background seismicity occurred. It apparently ruptured to the south based on the pulse
width pattern recorded at NCSN stations throughout the region and rupture was likely arrested
by a pronounced right-step in the fault structure.

A similar sized earthquake occurred in this vicinity on 3/9/49. In collaboration with Doug
Dreger of UC Berkeley, we digitized Wood Anderson, Bosch Omori, and Wiechert recordings
of the 1949 earthquake for comparison with recordings made by broad band instruments now
operating at similar locations. At the Mt. Hamilton site the coda of the 1949 event (the body
waves are unreadable) has almost the same amplitude as the coda of the 1993 event, and the
phase of the coda is quite similar, though not identical, in the frequency range of 0.25 - 0.85
Hz, suggesting that the events occur within a few hundred meters of each other.

A companion analysis by Doug Dreger who inverted the Bosch Omori 1949 seismograms and
the 1993 broadband seismograms recorded at Berkeley indicates that both events have the
same focal mechanism, S-P time, and depth. However, the synthetic Bosch-Omori constructed
from the 1993 record is similar, but not identical, to the 1949 record. Thus since 1897, this sec-
tion of the Calaveras fault has had only two earthquakes at the M5 level. The radius of a circu-
lar crack for an earthquake of this size is approxiwnately 1 km, suggesting that the remainder of
the fault apparently slips primarily by creep and microseismicity over its seismogenic depth
range of 10 km.

6. The relative role of block versus continuum deformation of continental lithosphere is a current
subject of debate. In collaboration with Geoff King and Falk Amelung of the I.P.G. Strasbourg,
we compare plate rates to seismic moment release rates in the western U.S. to show that about
60% of the Pacific - North American plate motion apparently occurs seismically and 40%
aseismically. The San Francisco Bay area shows similar partitioning between seismic and
aseismic deformation, but within the seismogenic range, aseismic deformation is concentrated
near the surface and at depth. In some cases this deformation can be located on creeping sur-
face faults, but elsewhere it is spread over a several kilometer wide zone around the fault. Our
results support the dominant role of non-continuum deformation processes with the implication
that deformation localization by strain-softening occurs in the lower crust and probably the up-
per mantle.

Reports
1. Oppenheimer, D., G. Beroza, G. Carver, L. Dengler, J. Eaion, L. Gee, E. Gonzalez, A. Jayko,
WH. Li, M. Lisowski, M. Magee, G. Marshall, M. Murray, R. McPherson, B. Romanowicz,
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K. Satake, R. Simpson, P. Somerville, R. Stein, D. Valentine, The Cape Mendocino, Califor-
nia earthquakes of April 1992: Subduction at the triple junction, Science, 261, 433 - 438.

2. Oppenheimer, D, F. Klein, J. Eaton, and F. Lester, The northern California seismic network
bulletin, January - December 1992, U.S. Geol. Surv. Open-File Rep. 93-578, 45 pp., 1993.

3. Oppenheimer, D., W. Ellsworth, and D. Dreger, Continuing failure of the Calaveras fault: The
16 January and 11 August 1993 M4.9 earthquakes, EOS, Trans. Amer. Geophys. Union, 74,
397, 1993.

4. King, G., D. Oppenheimer, and F Amelung, Block versus continuum deformation in the west-
ern United States, Earth Plan. Sci. Lett., in press, 1994.
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Physical Basis for Seismicity Associated with the Earthquake Cycle and
Development of Asperities (grant 14-08-0001-G2276)

James R. Rice and Renata Dmowska
Division of Applied Sciences and Department of Earth and Planetary Sciences,
Harvard University, Cambridge, MA 02138
(617) 495-3445 rice@husm.harvard.edu, (617) 495-3452 dmowska@ geophysics.harvard.edu
Program element: 1.2

Investigations:

1.1 Theoretical modeling of earthquake ruptures, recurrence, and asperity development,
considering lab-based friction, pore pressure and elastodynamic effects.

1.2 Stress transfers during the earthquake cycle in oblique subduction segments and
associations between asperity induced stressing and seismically active areas of the outer rise.

Results:

2.1 Theoretical modeling of seismic response is being done in relation to lab-based frictional
or rheological material properties and to geometric disorder of fault zones, to understand factors
affecting rupture mode, recurrence, spatio-temporal complexity of slip and seismicity, and
development of slip-deficient asperity regions. Most of the modeling has been done in a quasistatic
manner, with a radiation damping term, a feature of exact elastodynamics, included to allow
solutions to exist during instabilities (Rice, 1993a). We have also begun some exact elastodynamic
analyses (Perrin and Rice, 1993, Rice, 1993b, c), thus far in anti-plane strain, within the same
rate- and state-dependent frictional framework. Elements of progress are as follows:

2.1.1 The modeling of recurrent earthquakes, covering time periods of hundreds to
thousands of years and 3D elastic stress interactions, is computer-time limited. An new and fully
explicit numerical algorithm has now been developed which, according to 2D test cases, is a factor
of 10 to 20 times faster than the implicit algorithm (Rice, 1993a) we have previously used. We are
still programming and de-bugging the fully 3D version. This explicit algorithm works because of

the presence of the radiation damping term in the "quasistatic" formulation. Regarding slip & and

stress T as variables, and i as an index of points in the computational grid, elasticity
considerations for a fault forced to slip at a time-average rate V| require that

T =1 - Zj Kij (5j—Vp1t) — (1/2cg)dd;/dt
where Kj; are the elastic stiffnesses, which scale as shear modulus p divided by grid spacing,
and cq is the shear wave speed. This equation set is complemented by a constitutive law relating
each T to the corresponding dd/dt and prior & history. The algorithm solves the two equation

sets simultaneously for T and dd/dt at each time step. An advantage of this approach is that it has
the same structure as our algorithm for the exact, fully elastodynamic analyses; in those the
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multiplication by a stiffness matrix above is replaced by a convolution over time,
t — Travel Time (i, j)
% Kijﬁj(t) —>ij I’ijj(t—t')dﬁj(t')/dt' dt' .
This similarity in program structure should ease the transition to a future version that includes full
elastodynamic treatment during instabilities; the additional coding steps and storage needed are
those to carry out the convolution on time.

2.1.2 The program for treatment of recurrent earthquakes has also been broadened to allow
choice from a set of constitutive responses, and the new explicit procedure allows easy addition of
new forms. Rate- and state-dependent friction can be modeled with the familiar Ruina-Dieterich
"slip" law used in our prior work, or with the Dieterich-Ruina "slowness" law, and a modification
recently suggested by Weeks to represent velocity strengthening in granite at higher slip rates can
be included too. For the deeper and hotter parts of the fault zone, the net slip rate V can be chosen

as the sum of a creep part, proportional to some power of T, and a frictional part which relates to T
and slip history by one of the rate- and state-dependent forms discussed above. Further, pore-
pressure can be specified and an elementary model of Lachenbruch-Mase-Smith shear heating of
the pore fluid is available too. These options have allowed study of the effects of assumptions
concerning elevated pore-pressure, extreme velocity weakening in rapid slip, and shear heating, all
of which could be consistent with low overall stress levels in major fault zones.

2.1.3 The full elastodynamic analyses are aimed at understanding the extent to which seismic
complexity could be sustained by strong stress heterogeneities left by the wave-mediated arrest of
seismic slip, even in the absence of geometric impediments to slip or of strong material
heterogeneity. They have been carried out in anti-plane strain and covered only a limited range of
material and fault system parameters and of loading methods. One series of calculations suddenly
steps up the stress acting along the fault (or stress that would act, in absence of slip), in a way that
the stress varies randomly with position, being large enough to induce slip at seismic rates at some
positions but too low at others. The calculations are all carried out with velocity weakening friction
laws that include a critical slip distance, typically called L or D, for state transition, and with
adequate refinement of the computational grid to properly represent the continuum limit of the
governing system of equations. Results thus far have revealed no tendency for the heterogeneity
of stress to be increased along the portion of the fault zone that ruptures dynamically (apart from
the stress concentration at the arrested ends of the rupture), and in most cases the strong initial
stress variations are smoothed to negligibly small fluctuations.

2.1.4 The elastodynamic analyses have also led to an understanding of what types of laws are
consistent with the short duration slip pulses suggested by Heaton. We have derived necessary
conditions for their existence as travelling wave elastodynamic solutions (slip depends on position
x and time t only in the form x-V/t, where V| = rupture velocity) and find the following: Such
slip-pulse solutions do not exist when the frictional resistance, after initial rupture, is assumed to
depend on slip rate only, i.e., without any dependence on slip or on the evolving state of the
surface. Such solutions also do not exist for versions of the rate- and state-dependent framework,
like the Ruina-Dieterich "slip" law, which do not allow re-strengthening in truly stationary contact.
Versions that do allow such strengthening, like the Dieterich-Ruina "slowness" law, are consistent
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with the existence of pulse-like solutions, although these seem actually to exist only in parameter
ranges for which that re-strengthening is relatively rapid. In terms of the parameters A and B
which enter such friction laws, one seems to need B much larger than A; at least, we see such
pulses in runs with A/B = (.2 but not with A/B =0.7.

2.2 Stress transfers during the earthquake cycle in oblique subduction segments have been
studied. These transfers are between asperities along the interplate interface (zones of higher
locking and high slip in large/great earthquakes) and outer-rise areas, adjacent to the rupture zones,
as well as slab areas at intermediate depths, down-dip from the rupture zones. It has been shown
previously in our work (Dmowska and Lovison, Tectonophysics, 1992) that locking of asperities
during the cycle results in an uneven distribution of seismicity along strike, both in the outer-rise
and at intermediate depth, with seismicity clustering next to asperities on the interplate interface. In
subduction segments with direction of convergence approximately perpendicular to the trench (as,
e. g., Alaska 1964, Valparaiso 1985) seismically active areas in the outer-rise and at intermediate
depth are located next to asperities, along the direction of subduction. However, in study of
oblique subduction segments in the western Aleutians (area of Rat Islands 1965 earthquake), we
have found that the active areas of the outer-rise and of the slab at intermediate depth, associated
with an asperity, locate next to asperities, but along directions somewhat between the convergence
vector and the direction perpendicular to the trench. This is shown for the outer rise in Figure 1,
which shows events with my, > 5.7 occurring in the 22 year period afterwards, and also asperity
locations from wavefield modeling by Beck and Christensen (JGR, 1991).

We have begun 3D finite element modeling of a subducting slab with asperity regions on the
thrust interface (Dmowska et al, 1993; Zheng et al., 1993). The standard sawtooth slip history is
imposed on the asperity, and the rest of the interface is allowed either a freely-slipping or viscous
response. Stresses are calculated in the outer rise. Seismicity should be affected only where the
trench-perpendicular extensional stresses, caused by the earthquake cycle, superpose on the
bending stress field of the outer rise. In general we have found that the assumption of asperity
shapes that are symmetric about an axis perpendicular to the trench cannot cause the locations of
high cycle-related stresses to be displaced along strike as much as suggested by the observation in
the top figure panel. However, assumption of asperity regions that are strung out along the path of
oblique convergence, like in Figure 2 (and, speculatively, due to the wear debris of a subducting
seamount), can cause the locations of highest stress to shift distances along strike comparable to
those observed; contours of the trench-perpendicular extensional stress change caused by slip on
the asperity are shown in Figure 3.

Reports:

Ben-Zion, Y. and J. R. Rice, "Quasi-static simulations of earthquakes and slip complexity along a
2D fault in a 3D elastic solid", to appear in The Mechanical Involvement of Fluids in Faulting,
USGS Open-File Report, Proceedings of June 1993 NEHRP Conference LXIII, in press.

Dmowska, R., G. Zheng and J. R. Rice, "Earthquake cycles in a subduction segment with a row of
asperities", EOS Trans. Amer. Geophys. Union, vol. 74, no. 43, Fall Meeting Supplement,
1993, p. 91.
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D: The Loma Prieta, California, Earthquake of October 17, 1989 - Postseismic Effects,
Aftershocks and Other Phenomena, in press, 1993,

Perrin, G. O., and J. R. Rice, "Dynamic rupture simulations with rate- and state-dependent friction
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Geophys Union, vol. 74, no. 43, Fall Meeting Supplement, 1993c, p. 582.

Rice, J. R., Y. Ben-Zion and K.-S. Kim, "Three-dimensional perturbation solution for a dynamic
planar crack moving unsteadily in a model elastic sohd" J. Mech. Phys. Solids, in press,
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Figure 1: Adapted from Dmowska and Lovison (Tectonophys., 1992): Region of 4 February
1965 Rat Islands earthquake, Mw = 8.7. Subsequent outer rise events with mb > 5.7 shown
for period up to 31 August 1987. Cross-hatched areas are asperity locations from Beck and

Christensen (J. Geophys. Res., 1991)
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Figure 2. View onto thrust interface. Vertical axis: distance in km from trench; horizontal axis:
distance in km along strike. Darkened region is an assumed asperity location.
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Figure 3: Finite-element results (Zheng et al., 1993) showing contour lines of alteration in trench-
perpendicular extensional stress along the surface of the earth following slip along the asperity.
Vertical axis is distance from trench; negative range corresponds to subducting plate and its outer
rise, positive to over-riding plate. When the asperity is assumed to be strung out along the oblique
convergence direction, like in Figure 2, peak stress locations shift along strike a distance
comparable to observed locations of the large outer rise events in Figure 1.
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Quantitative Testing of Seismicity Pattern Hypotheses
# 1434-93-G-2283

Larry J. Ruff
Leonid Zimakov
Dept. of Geological Sciences
University of Michigan
Ann Arbor, MI 48109

Program Element 1.2
Investigations

1. Test of the Remote Triggering Hypothesis for Central Asia Seismicity
2. Test of the "Extended” Mogi Hypothesis for Shallow/Deep Subduction Earthquakes
3. Some Implications of the Landers Case for Remote Triggering of Seismicity

4. Test of Remote Triggering of Seismicity for Western United States: the NEIC catalog

Results
m ippering H hesis for ntr i ismici

The unpredictable nature of earthquake occurrence can be eXphcnly stated as a null
hypothesis: the temporal occurrence of earthquakes is random. Many investigators have
searched for violations of this null hypothesis as the discovery of patterns within
earthquake catalogs might ultimately help to predict future earthquake occurrence. Many
seismicity patterns have been proposed. Most of these suggestions are based on qualitative
inspections of seismicity maps. One interesting proposal is the remote earthquake triggering
hypothesis; the passage of seismic waves from far-away earthquakes can trigger the
initiation of an earthquake. Nikolaev and Vereshchagina (1991) presented a quantitative
statistical analysis that supported remote earthquake triggering, delayed by 5 to 10 days, of
Central Asian seismicity by earthquakes in the Pamir-Hindu Kush zone. We present an
independent analysis of this specific hypothesis; our analysis includes: (1) comparison of
the NEIC and ISC seismicity catalogs; (2) full consideration of the analysis technique; and
(3) construction of synthetic seismicity catalogs based on the null hypothesis of random
seismicity to determine the expected variations in occurrence frequency. We have shown
that the claim by Nikolaev and Vereshchagina (1991) that quantitative analysis of Central
Asia seismicity supports remote triggering must be rejected. In detail, the claim that Central
Asian seismicity is higher 5 to 10 days after Pamir-Hindu Kush earthquakes is not seen in
the different catalogs when analyzed by a more accurate technique. Furthermore, the
observed variability in earthquake occurrence frequencies does not exceed the fluctuations
expected from the null hypothesis that Central Asian earthquakes occur randomly as a
function of time.

he "Extended" Mogi Hypothesi hall i
Earthquakes

Mogi proposed a hypothesis where great shallow earthquakes in the western Pacific
region are preceded and sometimes followed by the marked increase of deep seismic
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activity in the Wadati-Benioff zone perpendicular to the trend of the arc structure (Mogi,
1973, 1986). We test first the original hypothesis, i.e. just large earthquakes over the time
scale of the 20th century (ABE catalog); and then test of an "extension" of the original
hypothesis to smaller earthquakes (M24.5, NEIC catalog) and shorter time scales (from
1964 to 1988). We investigate all major subduction zones. The "master” events have
M=7.3 and occurred at the depths between 0 to 60 km. The "other" earthquakes have
depths larger than 60 km and must occur within the box that extends +600 km along the
arc and extends for 1200 km downdip about the "master" event epicenter. Our tests do not
support Mogi's hypothesis. Although we found some peculiarities in the earthquake
frequency for Japan-Kurile-Kamchatka and Tonga-Kermadec zones, there are no common
features for the seismicity in the different subduction zones.

he Lan f i in

The 1992 Landers earthquake provided strong evidence for the remote triggering of
seismicity (Hill et al., 1993, Science). The triggered seismicity consists of: (i) a temporary
(one day to several days) increase in seismicity rate of small events; (ii) jump in detected
seismicity from nothing to many events, and in some places; (iii) the occurrence of a large
earthquake for that region. Hill et al. (1993) argue that the dynamic stress of the waves is
the likely source of triggering; but the mechanisms in the source regions that connect the
transient stress to triggered seismicity are more mysterious. The mechanisms can be
crudely grouped into: (1) dynamic stress directly affects the process of frictional failure on
the fault segments; and (2) dynamic stress affects some other crustal process, e.g. some
fluid system, and the triggered process then eventually causes the seismicity. Given the
tectonic setting of the triggered sites, Hill et al. (1993) and others have emphasized the role
of mechanisms in category (2). In this paper, I shall focus on the direct effect of category
(1). We start with a discussion of the most trivial model: each independent fault segment in
a crustal volume has a stress state that is randomly assigned between 6( and o], the
earthquake occurs instantly when the stress reaches 1. Then the likelihood that the fault
segment will be triggered by transient stress Gdyn is simply 0dyn/(01-00). Applying the
Gutenberg-Richter distribution to the 1ndepen ent fault segments, there are many fault
segments that can produce micro-earthquakes, hence there can be a substantial number of
triggered small events. On the other hand, the likelihood of triggering the one large
earthquake in this region is simply 6dyn/(01-00), which is 1% or less. A more complex
statistical model allows for mteractxon and stress transfer. If we choose the practical
maximum value for stress transfer from small to larger events, then the triggered micro-
earthquakes can enhance the likelihood of the large event by about a factor of five or so.
Thus, the preliminary conclusion is that the direct effect with stress transfer can explain
most aspects of the triggered micro-seismicity, but triggering of the larger events in a
region is unlikely from this simplest description of the "direct” mechanism. This justifies
further investigation into more complex models of frictional failure or indirect methods of
triggering.

m iggerin ismici r rn_Uni : th

NEIC catalog

The Landers earthquake that occurred on June 28, 1992 triggered seismicity far beyond
the aftershock zone at distances of up to 1250 km (Hill et al., 1993, Science). One of the
proposed mechanisms of such triggering is the dynamic stresses associated with the
passage of seismic waves, hence it is possible that triggering occurred after other large
earthquakes in western North America. Our investigation quantitatively tests for the
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presence of remote triggering in the NEIC seismicity catalog for the western part of North
America. We test the remote triggering hypothesis against the null hypothesis that the
occurrence time of remote earthquakes is random.

The area of investigation is bounded by 30° to 50° N and 100° to 130° W; there are 24
"master” events with M26.3. The addition of two "master" earthquakes that occurred in
1987 and 1988 in the Gulf of Alaska (M7.6) did not change any of the results. Explosions
with M<6.3 and aftershocks are eliminated. The total number of "other" events with M24.5
that occurred from January 1964 to December 1990 in the sub-catalog is 1004. Given
results of Hill et al., we performed the tests with the earthquakes from San Andreas Fault
zone excluded and included, but there is little difference in the results. We calculate
earthquake occurrence frequency (eq/day) of "other" events in time bins (10 days each)
after the "master” events. In comparison with fifty simulations of random seismicity, the
observed seismicity produces an anomaly in the second bin (10 to 20 days after a large eq)
with high confidence level, more than 4 sigma (see Figure 1, top). The 41 earthquakes in
this bin occurred after 16 of 24 "master” events. More of than half the earthquakes in this
bin occurred in the Mendocino-Juan de Fuca region: 23 of the 41 (see Figure 1, bottom).
We divided all "master” events into 6 groups: 1- Nevada Test Site (NTS), 2-Imperial
Valley, 3- Central California, 4- Mendocino-Juan de Fuca, 5-Vancouver Island, and 6-
Idaho. We found that "master” events in all regions have been followed by "other" events
in the 10 to 20 day bin. The other two anomalies that exceed the expected two-sigma
fluctuation are in the first and sixth bins (to 10 days, and 50 to 60 days, respectively).
Thus, the preliminary conclusion is that there is a statistical anomaly of higher earthquake
occurrence frequency from 0 to 20 days after large events in western US. Preliminary tests
show that this anomaly is not the result a single unusual sequence. Since the total number
of "anomalous" (i.e., possibly "triggered") events is small (94 from 747), we need to
perform further testing.
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We investigated four large earthquakes in Aleutian-Alaska-Cascadia region.

1. The 1957 Aleutian Earthquake

The 1957 Aleutian earthquake had been estimated as the third largest earthquake this
century (My, = 9.1) and had the longest aftershock zone of any earthquake ever recorded-
1200 km. However, due to a lack of high-quality seismic data, the actual source parameters
for this earthquake had been poorly determined. We have examined all the available
waveform data to determine the seismic moment, rupture area, and slip distribution. These
data include body, surface and tsunami waves. Using body waves, we have estimated the
duration of significant moment release as 4 min. From analysis of surface wave recorded at
PTM, South Africa, we have estimated that significant moment release occurred only in the
western half of the aftershock zone and that the best estimate for the seismic moment is 50-
100x1020 Nm. Using the tsunami waveforms, we estimated the source area of the 1957
tsunami by backward propagation. The tsunami source area is smaller than the aftershock
zone and is about 850 km long. This does not include the Unalaska Island area at the
eastern end of the aftershock zone, making this area a possible seismic gap. We also
inverted the tsunami waveforms to estimate the slip distribution. Again, slip on the 1957
rupture zone was highest in the western half near the epicenter. Little slip occurred in the
eastern half. From this slip distribution, the seismic moment is estimated as 88x1020 Nm,
or My=8.6. Our slip distribution of 1957 Aleutian earthquake shows that the 1986
Andreanof Islands earthquake occurred in the area of major moment release of the 1957
rupture area; the 1986 earthquake represents a rerupturing of the major 1957 asperity.

2. The 1938 Alaska Earthquake

Very little was known about the 1938 event; it seems to have ruptured the segment
between the 1964 great Alaskan earthquake and the Shumagin gap segment. Most of the
previous estimates of the seismic moment was through magnitude, not waveform
modeling. We used tsunami waveforms recorded on 7 tide gauge stations and estimated the
seismic moment of 20 x 1020Nm (Mw=8.2). The rupture area is estimated as 300 km long
along the trench, leaving the Shumagin gap segment as a seismic gap, and a large slip
occurred in the eastern edge of the rupture area.

3. The 1993 Shumagins Island Earthquake

An Mg 6.8 earthquake occurred on May 13, 1993, in the Shumagin seismic gap, which
is an unbroken segment between the 1938 and 1946 earthquakes. We analyzed long-period
surface waves and P waves recorded on the IRIS stations to estimate the fault parameters.
The Centroid Moment Tensor solution shows that the focal mechanism is a thrust type with

the strike parallel to the Aleutian trench. The seismic moment is 2.0 x 1019 Nm (My=6.8).
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The Moment Tensor Rate Function inversion from P waves also yields a similar focal
mechanism and seismic moment. In addition, this computation provides estimates of 10 s
for the duration of the source time function and 35 km for the best point source depth.
These seismological analyses indicate that the fault mechanism of the 1993 earthquake was
as expected, but that the magnitude was too small to fill the gap. This earthquake did not
generate a tsunami large enough to be observed at the Sand Point, Alaska, tide gauge or at
an ocean bottom pressure gauge, at distances of 100 and 300 km, respectively. Numerical
tsunami simulations result in amplitudes at both stations that are within the background
noise level. Additional numerical experiments also suggest that the small tsunami
amplitudes are due to the location of the source area in the shallow shelf region.

4. The 1992 Petrolia Earthquake

The April 25, 1992, Petrolia earthquake (Mg 7.1) occurred at the southern tip of the
Cascadia subduction zone (CSZ). This is the largest thrust earthquake ever recorded
instrumentally in CSZ. The mainshock was followed by two large aftershocks with strike-
slilf mechanism. Moment release of the mainshock and the two large aftershocks are 4.0 x
1019Nm in the first 10 s, 0.7 x 1019 Nm in the first 8 s, and 0.9 x 1019 Nm in the first 2 s,
respectively. The slip direction of the Petrolia earthquake was N80O°E.

This slip direction cannot be explained by either the relative motion of the North
American and the Juan De Fuca plates, N60°E, or between North America and the Gorda
deformation zone (GDZ) N40°E. Prescott and Yu (1986) suggested that the North
America-Pacific plate motion is accommodated by right lateral slip on both the San Andreas
and Maacama-Rodgers Creck-Hayward-Calaveras fault systems; the intervening block is
the Humboldt plate. If we modify the relative motion of the southernmost GDZ to conform
with the seismicity trends and allow the Humboldt-Pacific plate motion to be about half the
total North America-Pacific motion, then the GDZ-Humboldt relative motion matches the
direction of the Petrolia slip vector. The Petrolia earthquake thus represents a subduction of
the GDZ beneath the Humboldt plate. The mixture of focal mechanisms in the two distinct
aftershock clusters can be explained by motion between the GDZ and Pacific plate, and the
Humboldt and North America plates. Our study shows that the GDZ is subducting beneath
the Humboldt plate in the Cape Mendocino area, and the Petrolia earthquake ruptured the
entire subduction segment between the GDZ and Humboldt plate.

We also made tsunami computations from the Petrolia earthquake using the "best" fault
model that explains the geodetic data and coastal uplift (Oppenheimer et al., 1993). The
observed and computed tsunami waveforms are in fairly good agreements, indicating that
the "best” fault model is also supported by tsunamis. One of the interesting, and important
from a hazards point of view, observations of this relatively small tsunami is that the largest
amplitude was observed a few hours after the initial tsunami arrival at most of the stations.
Our computations also showed this feature, and suggests that the large later phases on tide
gauges are as edge waves that propagated along shallow continental shelf. For evaluating
tsunami potential from a possible great earthquake in the Cascadia Subduction Zone, it is
important to include such large later phase, which might cause most damage.
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This is an experimental and theoretical study of rock friction in which the
micromechanics of friction are studied by use of a model of the contact of random
elastic surfaces.

In previous work the transition from partial to full sliding of the surfaces was
studied. This takes place within the first 5-10 um of sliding with the surfaces we
study in the laboratory. Quantitative modeling show that this process can be well
simulated with forward modeling based on measured topography of the
experimental surfaces.

During the past year this has been extended through the stage of strong slip
hardening until steady state friction is reached, in 0.1 to 1 mm of slip. To model
this behavior we include the additional effects of oblique contacts (interlocking) and
the evolution of surface topography during sliding (wear). This modeling
successfully accounts for these later stages of friction and show that these processes
account approximately equally to the additional friction that occurs after the onset of
full sliding.

In order to facilitate the above study, an experimental study of the frictional
wear of granite was also conducted. Modeling of the wear process allowed for the
prediction of both transient and steady-state wear and the distinction to be made
regarding the micromechanisms of 'riding up' and shearing through' to be
distinguished for oblique contacts.

Work has also been completed on scaling these processes to the geological
scales, primarily through the scaling of the critical slip distance, D;. We have also
extended these studies to the second order frictional effects, that of slip velocity and
variable normal load, and a manuscript reporting this is now in preparation.
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TECHNICAL REPORT 1993

Three papers were completed under this grant, as of December 1993. Two have already
been accepted for publication, while a third is under review. Below, I summarize some of
the results contained in these papers.

“Prediction of Large Events on a Simple Dynamical Model of a Fault” [Pepke, Carlson,
and Shaw, 1993] was accepted for publication in Journal of Geophysical Research. The
paper presents results for long term and intermediate term prediction algorithms applied to a
catalogue generated by the Burridge-Knopoff model. The idea in this paper is to study issues
related to algorithm optimization and the intrinsic limitations of algorithms, in a situation
where we have well controlled, intrinsically complex catalogues. The catalogues generated
by the model are of arbitrary length, and arise from a model which is deterministically
chaotic. Here, we seek not to show that any particular complex seismicity pattern generated
by the model matches the Earth, but rather to study how algorithms based on intrinsically
complex patterns work, and how algorithim optimization works on such catalogues. Some of
our results are as follows.

One methodological question we address is the evaluation of the performance of a pre-
diction algorithm. For this purpose, we introduce a linear cost-benefit function @, which
quantifies the tradeoffs that necessarily must be made between the different goals of the
prediction scheme. It measures the extent to which an algorithm is able to fulfill all of the
prediction goals (Q = 1) relative to the option of doing nothing at all (Q = 0). In the cases
we consider, the goals are to predict the future event, with the alarm time on for as little
time as possible, and with the minimum of false alarms.

As a benchmark for evaluating the results of the intermediate predictions, we first eval-
uated long term predictability. Three commonly used methods were examined: the time-
predictable and slip-predictable models, as well as a prediction based on recurrence intervals.
Neither the time-predictable nor the slip-predictable models described the behavior very well,
though the time-predictable model did slightly better. Interestingly, for either the time or
slip-predictable models, it was possible to find good correlation over just a few subsequent
large events. At any point, however, such a short time “pattern” could be broken, with the
next event differing dramatically from the proposed model.

Intermediate term prediction, based on individual precursor measures of the small event
activity, produced forecasts with much smaller time windows than the long term predictors.
Four predictors were considered. In order of best performance, they were active zone size,
activity, rate of change of activity, and finally, fluctuations in activity, which did much worse
than the other three.

Finally, we considered the effect of finite catalogue lengths. We measured the average
and standard deviation of @ as the catalogue length was increased. The average Q rose
rapidly to its maximum, and the standard deviation dropped rapidly to its minimum in less
than a repeat time. This is relevant for the question of the stability of the learning process
for algorithms. In the model, we find that catalogues containing one large event are sufficient
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for stability in learning. If these results also apply in the Earth, one would expect continued
improvement in algorithm performance as catalogue lengths reach the repeat times of large
events, with a much slower improvement after that.

“Dynamics of Earthquake Faults” [Carlson, Langer, and Shaw, 1993] has been accepted
for publication in Reviews of Modern Physics. In this paper, we review the variety of results
that have been found concerning the behavior of homogeneous fault models with stick-slip
friction and inertial dynamics. This paper was solicited by the editors, due to widespread
interest in the physics community in the work our group has been doing on these fault
models.

“Complexity in a Spatially Uniform Continuum Fault Model” [Shaw, 1993c| was com-
pleted and submitted for publication in Geophysical Research Letters. This paper addressed
the question raied by Rice [JGR, 1993] of whether faults with a continuum limit could gener-
ate complex nonperiodic sequences. Here, I show that the introduction of a viscous term to
the Burridge-Knopoff model provides a small lengthscale cutoff which allows a well defined
continuum limit, and which continues to generate complex nonperiodic sequences. Thus
spatial heterogeneity or inherent discreteness is shown to not be a necessary condition for
complex sequences. Rice has shown that long range quasistatic interactions appear not to
give complex sequences in the continuum limit; here I show that short range interactions
with inertial dynamics do. The big question for seismology- what happens with both long
range and fully dynamic interaction remains an open question.
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We have studied the physics of fault zones to determine why major strike-slip faults are
weak. A basic observation which has motivated this work is that many strike-slip faults are
weak both in a relative sense that the faults are poorly oriented with respect to the the regional
stress axes and in an absolute sense that the average frictional resistance is much less than
expected from laboratory samples (Hickman, 1991; Zoback, 1991). These features are best
documented for the San Andreas fault system. I begin discussion with the effective stress law
for frictional failure

I = F (T, — Paui) (1)

where Ty is the shear traction at failure, F' is the coetficient of friction, T, is the normal trac-
tion on the fault, and P g, is fluid pressure. The principal axis of compression is nearly nor-
mal to the fault (which implies high 7,) rather than the expected orientation for frictional
failure about 60° from normal (Zoback, 1991). Seismic slip extends downward to around 20
km depth for the 1906 San Francisco earthquake (Matthews and Segall, 1993) and for the 1989
Loma Prieta earthquake (Lisowski et al., 1990). The lack of a detectable heat flow anomaly
indicates that the average shear traction on the fault is less than 20 MPa (Lachenbruch and
Sass, 1980; Hickman, 1991) while a coefficient of friction of (.7 would imply 90 to 260 MPa
of shear traction in the deeper part of the seismogenic zone between 7 and 20 km (200-570
MPa normal traction assuming "hydrostatic" fluid pressure in equilibrium with a column of
water to the surface).

We have concentrated on a mechanism proposed by Sleep and Blanpied (1992) which
produces transient fluid pressures. To explain this mechanism, it is necessary to distinguish
frictional mechanisms which involve traction on a plane from "ductile” creep which involves
molecular diffusion either within the pore fluid, for example, pressure solution, or within the
grains, for example, linear or power-law creep. Most likely the grains themselves are brittle
and the aggregate is ductile by pressure solution over long times and brittle over the duration
of an earthquake. Under appropriate conditions, ductile creep can occur far below the criterion
for frictional failure.

The basic physics of our mechanism are quite simple. Grains within the fault zone are
stressed by the shear traction driving fault slip and the difference between lithostatic and fluid
pressure. Ductile creep leads to compaction and fluid pressure increase because grains and
grain-grain contacts within the fault zone cannot distinguish the two sources of stress. Fric-
tional failure generates porosity in a low porosity rock—if you break something it does not fit
back together. The continual difference between fluid and rock pressure and the episodicity of
fault slip imply a cyclic variation in fluid pressure. Just after an earthquake, the fault zone is
dilated and the fluid pressure is below hydrostatic. Creep gradually compacts the pore space
increasing the fluid pressure above hydrostatic if the fault is sealed from its surroundings.
Eventually increased pore pressure and increased shear traction lead to earthquake failure com-
pleting the cycle. That is, the earthquake then restores porosity so that little net gain or loss of
fluid occurs from the fault zone and the fluid pressure is in long-term equilibrivm with the
country rock.
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As summarized by Sleep and Blanpied (1992), there is extensive qualitative evidence
from exhumed fault zones and laboratory experiments that these processes actually occur in the
Earth. We thus concentrated on modeling the physical aspects of this mechanism. We have
developed simple continuum physics models for ductile-brittle fault zone material within an
elastic medium. We developed computer code to model a basic 1-D case analogous to a fault
between two parallel plates. We also have modeled two-parallel fault splays, and a vertical
fault whose properties depend only on depth. We have begun to investigate grain-scale
processes that control the physics of fault zones. Two papers discussing our progress to date
have been submitted to a special issue of Pure and Applied Geophysics on the behavior of
fault zones and are currently in review.

Resulits

Our most important result is that fault zones have both macroscopic and grain-scale self-
adjusting features that allow earthquake failure at low shear tractions. That is, minor amounts
of ductile creep are sufficient to greatly increase fluid pressure and thus weaken the fault for
earthquakes. Our mechanism has several attractive aspects. The laboratory coefficient of fric-
tion =0.7 holds in the Earth, and the time-averaged fluid pressure in a fault zone may be
hydrostatic. The reality of the mechanism is suggested by laboratory experiments and studies
of exposed fault zones. The macroscopic physics of the mechanism are simple and easy to
model and the macroscopic rheology can be deduced from laboratory studies and grain-scale
physics.

Muacroscopic models. Macroscopic self-adjustment is illustrated by the 1-D models. For
these simple conditions, behavior on the fault zone is periodic and therefore predictable. The
fluid pressure in the fault zone adjusts so that it is in longterm equilibrium with the (hydros-
tatic) fluid pressure in the country rock. Acceptable models for shallow (Figure 1) and greater
(Figure 2) depths were obtained by adjusting the viscosity of the fault zone.

This regular behavior disappears when additional complexity is added. Consider two
parallel fault splays in a 1-D elastic medium (Figure 3). Earthquake failure on one splay
reduces the shear traction on both but only the fluid pressure in the failed splay. Complex
periodic or even apparently chaotic patterns of earthquake recurrence happen if the faults zones
have different properties (Figure 4).

The simplest case that can actually occur in the Earth is a vertical fault zone whose pro-
perties depend only on depth. We have found that pore pressure changes associated with com-
paction are in themselves not sufficient to organize the fault so that individual depths of the
fault fail together in large earthquakes. Rather, a slip-dependent friction (Rice, 1992) needs to
be included in the code. We will attempt to find a practical way of doing this. (Slip-
dependent friction models require much computer time.)

Grain-scale physics of fault zones. Fault zones should self-adjust so that some ductile
creep occurs. The physics are intuitively simple. Fracturing can only decrease grain size.
Grains and amorphous material smaller than 10 nm in diameter are produced efficiently within
laboratory fault zones (Yund et al., 1990). However, such very small grains have significant
surface free energy and thus are more soluble than large grains. The small grains thus dissolve
and reprecipitate as large grains—a process called Ostwald ripening. An equilibrium is
reached when small grains are removed as fast as they are created by fracture. Pressure solu-
tion creep is then expected because molecular transport between grains is kinetically efficient.

A dynamic steady state with an equilibrium grain size distribution is implied by the sim-
ple case of a fault zone with given width and given shear traction. The viscosity of the fault
zone is obtained from a balance between the energy associated with new grain surfaces created
by faults and the free energy released as grains grow by Ostwald ripening. For example, the
viscosity for an equilibrium grain size distribution where grain-boundary diftusion is rate limit-
ing for both Ostwald ripening and pressure solution is dimensionally
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where W is fault zone width, Br is the fraction of elastic strain release that goes into creating
new grain surfaces, Tr is the shear traction on the fault, vr is the long term velocity of fric-
tional movement on the fault, R is the gas constant, T is absolute temperature, V,, is molecu-
lar volume, and ¢ is the surface free energy of grain-grain surfaces. The creep rate in fault
zones is likely to be accommodated by pressure solution controlled by ditfusion along hard
load-bearing grain-grain contacts. The effective diffusion coefficient Z, which is related to the
molecular diffusivity of the grain boundary fluid times effective thickness of the grain boun-
dary channel, is the only parameter in the expression whose order of magnitude is well con-
strained by either field or laboratory data. The coefficent E can be constrained by creep exper-
iments because the theoretical expression for the viscosity is

_ rrr
EV,,

where r is grain radius (Raj, 1982). Currently available data indicates that the viscosity of real
fault zones may be within the range implied by our macroscopic compaction models.
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Figure 1: The evolution of fluid pressure, shear traction, and least principal stress are shown as functions of time
for several earthquake cycles after a dynamic steady state has been reached (above). Earthquakes result in a
drop in all three quantities. Hydrofracture does not occur because fluid pressure is always below the least princi-
pal stress. High-aspect-ratio crack and equidimensional pore porosity are shown below. Most of the compaction
involves cracks. The model is computed using parameters applicable to a depth of 4.7 k.
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Figure 2: The evolution of fluid pressure, sheur traction, and least compressive principal stress are shown as a
functions of time for several earthquake cycles (above). Earthquakes result in a drop in the first two quantities.
The least compressive stress remains nearly constant. Hydrofracture does not occur because fiuid pressure is al-
ways below the least principal stress. Total porosity, all equidimensional pores, is shown below. There are no
cracks in this model. The model is computed using parameters applicable to a depth of 14 km.
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Figure 4: The shear traction before failure at earthquakes (denoted by dots) is shown as a function of time for
model 2S-3 (above) and model 2S-4 (below) which differ by having different ratios of viscosities between the
two fault splays. Failures on the less viscous (weaker) splay are indicated by W and failures on the stronger
splay by S. Model 2S-3 is essentially periodic over 6 events, while model 2S-4 is apparently chaotic.
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ANNUAL REPORT ON THE OPERATION AND MAINTENANCE OF THE
YELLOWSTONE SEISMOGRAPH NETWORK FOR:
October 1, 1992 to September 31, 1993

USGS Cooperative Agreement #14-08-0001-A0559.
Program Element 1
Robert B. Smith and Susan J. Nava
University of Utah Seismograph Stations (UUSS)
Department of Geology and Geophysics
University of Utah
Salt Lake City, Utah, 84112
(801) 581-6274

December 21, 1993

Investigations--The Yellowstone seismograph network (YSN) is operated by the University of
Utah through a USGS cooperative agreement and is focused on the most volcamcally and
seismically active area of the U. S. Cordillera, encompassing the 10,000 km?2, Yellowstone Plateau
and its 45 km by 70 km, 0.6 Ma caldera. The USGS Volcano Hazards and Earthquake Hazards
Reduction Program jointly fund this cooperative project with ancillary support from the National
Park Service. The Yellowstone Seismic Network (YSN) operates primarily on land under the
jurisdiction of the National Park Service and is a joint USGS-University of Utah-NPS cooperative
project with support for aspects of the fieldwork in Yellowstone from the NPS. This report covers
the second year of a planned 5 yr. upgrade and expansion of the YSN to provide, for the first time,
three-component coverage of the caldera to better monitor S wave propagation.

This project provides real-time earthquake surveillance by a newly upgraded and expanded
18-station, single- and three-component, short period seismic network telemetered via four FAA
microwave links (via the Sawtelle Peak FAA site 20 km west of Yellowstone and at po cost to the
project) to Salt City, Utah, and digitally recorded at the University of Utah. The cooperative
agreement provides a service to the U. S. Geol. Survey and is not a direct contract for scientific
research, although the data are routinely distributed and used for diverse volcanic, earthquake and
ancillary investigations by a federal, state and University users. The cooperative agreement
supports the network operations (maintenance, recording and routine data analysis) of the
Yellowstone seismograph network with data telemetered to Salt Lake City, Utah

The University of Utah produces and distributes an annual catalog of earthquake data
including map(s) of epicenters, a summary of earthquake information, status of network
operations, station maps, a catalog of felt reports of earthquakes (compiled by Rick Hutchinson,
NPS), and a summary of earthquake activity for the catalog year. In the event of unusual seismic
activity, additional reports summarizing the seismicity with scenarios of possible future activity and
statements of precautions that might be taken by government managers. Our primary contacts for
such information is our scientific liaison officer, Dr. Dan Dzurisin, USGS Johnson Cascade
Volcano Observatory, and the Yellowstone National Park, Superintendent, Research Manager and
Public Affairs officers. The Bureau of Reclamation kindly provides data from the Jackson Lake
seismic network for better earthquake locations in the southern part of the YSN. For unusual
seismicity outside of the park, we also notify local and state officials as well as the U. S. Forest
Service and Bureau of Reclamation officials.

Note that because of the remote nature of most of the Yellowstone stations, expensive
helicopter, boat, and horseback support is required. Also because of the very difficult operating
conditions with several meters of snow, temperatures as low as -60° F, and inaccessibility 6 to 8
months per year the network requires special care with highly reliable equipment and telemetry
links built to withstand the rigorous conditions.
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Yellowstone Seismotectonics--More than 15,850 earthquakes of 0 < Mg< 6 have been
located by the Yellowstone network from 1973-1981 and 1983-1993!1. Annual rates of occurrence
average ~700 locatable events per year. However, in several cases, intense swarms have produced
thousands of correlatable events per month.”

The frequency of occurrence of earthquakes changes markedly from more typical, main
shock-aftershock tectonic sources outside the caldera in the Hebgen Lake and Yellowstone Lake
regions to smaller events characterized by shallow foci and extensive swarms within the caldera
suggestive of magmatic sources. In addition there are in several examples of strong correlations
between swarms and major changes in the hydrothermal features, suggesting a direct link between
the stress release and the source of the hot fluids.

Focal depths of earthquakes within the Yellowstone caldera show sharp variations across
the caldera. Maximum foci outside the caldera are generally less than 18 km, but within the
caldera, foci seldom exceed 5 km. This pattern of shallowing beneath the caldera suggests the
presence of a thin upper-crustal seismogenic brittle layer that is considered capable of sustaining M
< 6 earthquakes. At depths below ~ km, the crust appears to be in a quasi-plastic ductile state at
temperatures in excess of ~400°C, incapable of supporting large stresses owing to high
temperatures. The high temperatures are suggested to reflect deeper magma or hot, but solid
bodies, related to the Yellowstone volcanism.

Network Upgrade Accomplishments--During the report period, a major commitment was
made was made (see Fig. 1): 1) to upgrade and expand the 15 station Yellowstone network to 18
single- and three-component seismograph stations, 2) add and modify telemetry links with two
new microwave links from the FAA Sawtelle Peak site to SLC, and 3) support a student project
which operated up to 5 Ref Tek data loggers with Guralp broadband seismometers during winter
months for broadband coverage of the Yellowstone caldera. Funds for the student project were
from other sources.

Our 1993 efforts were enhanced significantly by the assignment of National Park Service
housing at Lake Junction which provided a semi-permanent engineering/work base for our field
efforts. Our summer field efforts consisted of a very intense period of hard field work by a three
person field team. The project involved extensive network upgrade planning, field reconnaissance,
and planning for the major upgrade at the University of Utah computer recording facility. Also the
staff of the UUSS was involved with the planning and acquisition of an upgraded recording
facility, including a SUN Sparc server for data storage and archiving, four Sparc stations for
earthquake data analyses and the installation of a model 7200 Masscomp central recording
computer.

Early summer 1993 was devoted to completing environmental assurances of seismograph
sites to meet the NPS environmental criteria for seismograph and telemetry installations. We
worked closely with the Yellowstone NPS resource management office as well as with the district
rangers in careful selection of sights which represented minimal or no environmental problems.

Our primary field accomplishments are as follows (see Fig. 1 for seismic station locations,
telemetry links, and radio frequencies):

1. Joseph’s Coat (YCJ): Upgrading to three components, moving the site approximate 100
m to a better location for direct telemetry to the Canyon Junction receive site and changing
the name and location from the original Hot Springs Basin designation,

INote that the Yellowstone network was not in operation for 18 months in 1982 and 1983,
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Summary of October 1, 1992--September, 30, 1993

Yellowstone Seismicity

Number of analyst located earthquakes of M. <2.0: 53
Number of analyst located earthquakes of M¢ = 2.0: 70
Number of analyst located earthquakes of M 2 3.0: 22
Number of analyst located earthquakes of M 2 4.4: 2

Total number of located earthquakes: 123

Table of Magnitude 3.5 and Larger Earthquakes In The Yellowstone National Park

Region

Local Date Local Time Mag. M; | Location

Dec 4, 1992 10:08 am MST 4.0 6 m. NE of Fishing Bridge, Wy.
Mar 10, 1993 9:49 pm MST 3.7 18 mi ENE of Fishing Bridge, Wy
Mar 10, 1993 9:56 pm MST 3.7 18 mi ENE of Fishing Bridge, Wy
Mar 19, 1993 5:15 am MST 4.4 S mi. SSE of Canyon Jct., Wy.

Mar 19, 1993 5:30 am MST 4.0 5 mi. SSE of Canyon Jct., Wy.

Mar 29, 1993 5:09 pm MST 3.7 7 mi SSW of West Yellowstone, Mt.
May 11, 1993 7:20 am MDT 3.6 18 mi NE of Fishing Bridge, Wy
Aug 19, 1993 1:43 pm MDT 3.1 10 m NNW of Madison Jct., Wy.

Reports and Publications Reporting or Substantially Using Yellowstone
Seismograph Network Data

Hill, D. P., P. A. Reasenberg, A. Michael, W. J. Arabasz, G. Beroza, D. Brumbaugh, J.N.
Brune, R. Castro, S. Davcis, D. dePolo, W. L. Ellsworth, J. Gomberg, S. Harmsen, L.
House, S. M. Jackson, M.J.S. Johnston, L. Jones, R. Keller, S. Malone, L. Munguia, S.
Nava, J. C. Pechmann, A. Sanford, R. W. Simpson, R. B. Smith, M. Stark, M.
Stickney, A. Vidale, S. Walter, V. Wong, and J. Zolloweg, 1993, Seismicity Remotely
Triggered by the Magnitude 7.3 Landers, California, Earthquake, Science, v. 260, 1617-
1623.

Lowry, A. R. and R. B. Smith, 1993, High resolution mapping of flexural rigidity using
maximum entropy coherence of gravity and topography, J. Geophys. Res. (in press).

Nava, S. J., and R. B. Smith, 1993, Earthquake catalog for the Yellowstone National Park region:
January 1, to December 31, 1991, with a contribution by R. A. Hutchinson, Summary of
felt earthquakes in Yellowstone National Park, 1989, University of Utah Seismograph
Stations, Department of Geology and Geophysics, University of Utah, Salt Lake City,
Utah, 29p.
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2. Pelican Cone (YPC): Upgrading, refurbishing the electronics, and moving the
seismometer to a better site approximately 30 north of the Pelican Cone fire lookout for
more reliable telemetry,

3. YIT (near Lake Junction): Upgrade of solar panel to 30 watts,
4. Lake Butte (YLA): Upgrade of solar panel to 30 watts with new batteries,

5. Mary Lake (YML): Installation of a new three-component station about 200 m west of
the old Mary Lake USGS seismograph station with a direct radio telemetry link to Sawtelle
Peak receive site,

6. Old Faithful (YFT): Moving and upgrading the original Old Faithful station to a site
about 2 km east near the water reservoir tank. The station has been upgraded to three
components with a direct RF telemetry link to the new Purple Mountain relay site,

7. Purple Mountain (YPM): Moved the old Madison Junction station to a new site about 2
km north to a remote location at the top of Purple Mountain with the signal directly RF
transmitted to Sawtelle Peak. This site is also a receive site for the Norris Jct. and the Old
Faithful station,

8. Norris Junction (YNR): Upgrading and moving the old Norris Junction station
southeast 2 km to the Mountain Bell telephone repeater site with a direct RF telemetry link
to the Purple Mountain relay site,

9. Holmes Hill (YHH): Installation of a new three component seismic station nearer to the
most seismicity active area of the Yellowstone system between Grayling Junction and
Norris Junction approximately 2 km south of Mount Homes with a direct radio telemetry
link to Sawtelle Peak,

10. The acquisition of two additional data channels from the FAA Sawtelle Peak site
(SPAX) directly to the Salt Lake City airport FAA facility for a total of 4 lines which are
provided at no cost to the project,

11. Installation of a new 30 ft. snow and ice resistant steel antenna tower at the Sawtelle
Peak FAA site to bring our installation up to FAA standards for reliable and safe winter
operations,

12. Incorporation of the new and modified station signals into a new computer recording
system at the University of Utah Seismograph Stations for recording on a
Masscomp 7200.

Because of the remote nature of the YSN field work, extensive backpacking, horse
packing, and helicopter access were required. Our personnel hiked into to all sites (except
Joseph’s Coat Springs) with the support of NPS horse packing and helicopter transport of the
heavy and sensitive electronic equipment. We especially thank the NPS and the personnel at the
Sawtelle Peak site for their cooperation and work supporting our operation.

Yellowstone Seismicity (October 1, 1992-September, 1993)--Fig. 2 shows the
epicenter map for the Yellowstone study area (latitude 44° 07°N to 45° 07N, and longitude 109°
40’W to 111° 30°) for the 123 earthquakes (M<4.4) located for the Yellowstone recording area
during the reporting period, October 1, 1992-September, 1993.
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Smith, R. B., and L. W. Braile, 1993, The Yellowstone hotspot--structural evolution and

geophysical signature, in J. Volcanology Geotherm. Res, eds. D.P. Hill, S. McNutt and
H. Rymer, (in press).

Smith, R. B., and L. W. Braile, 1993, Topographic Signature, Space-Time Evolution, And
Physical Properties of The Yellowstone-Snake River Plain Volcanic System: The
Yellowstone Hotspot in "Wyoming Geology", eds. A. Snoke and J. Steidtmann, (in
press).
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Yellowstone Seismograph Network Telemetry Map

Figure 1. Telemetry map of the Yellowstone seismograph network. The solid lines
represent radio signal telemetry paths, with the radio frequencies indicated for each line.
The dashed lines represent telephone relay paths. The triangles show the locations of
seismograph stations, with VCO frequencies and station codes listed for each site. The
squares with crosses show the locations of telemetry relay points.

130



Yellowstone National Park Region Seismicity
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Figure 2. Epicenter map of earthquakes located in the Yellowstone National Park region
from October 1992 to September 1993. The 600,000 year old caldera boundary is from
Christiansen (1993).
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THE SOUTHERN APPALACHIAN COOPERATIVE SEISMIC NETWORK:
VIRGINIA TECH COMPONENT

Agreement No. 1434-92-A-0971

J. A. Snoke, M. C. Chapman, and M. S. Sibol
Virginia Tech Seismological Observatory
Virginia Polytechnic Institute and State University
Blacksburg, Virginia 24061-0420
(703) 231-6729

OBJECTIVES

A major goal of this 1991-1994 cooperative project involving Virginia Tech,
Memphis State University, the Tennessee Valley Authority (TVA), and the University
of North Carolina at Chapel Hill (UNC) is to provide modern instrumental coverage of
seismicity in the southern Appalachians. Stations of the Virginia Tech and Memphis
State networks are being upgraded with three-component sensors, high dynamic
range electronics, and radio telemetry. Incorporation of the TVA and UNC networks
will bring on-line the fully integrated Southern Appalachian Cooperative Seismic
Network (SACSN). Calibrated digital waveform data recorded by each SACSN member
institution network will be made available in near real-time via the Internet to the
other member institutions and the general seismological community. This
cooperative regional network is scheduled to be integrated into the U. S. National
Seismic Network.

Research objectives for the SACSN are focused on seismic activity in the
southern Appalachian region (Figure 1). Research areas include earthquake
monitoring (in part to maintain continuity of earthquake catalogs), seismic hazard
assessment, studies of the seismotectonics of the region, earthquake source studies,
wave propagation at local and regional distances, crustal structure studies, and the
temporal/spatial behavior of seismicity. Service objectives of the SACSN include the
publication of an annual seismicity bulletin for the southeastern United States; the
development and maintenance of regional earthquake catalogs; and informational
service to state/local governments, the engineering community, and the general
public.

This report summarizes only the Virginia Tech portion of the SACSN project.

NETWORK OPERATIONS
Current Status:

For the past several years, Virginia Tech has operated a calibrated network
comprised currently of eleven short-period stations (Figure 2). The telemetry is
analog, mostly via phone lines, to the data collection center on the Virginia Tech
campus in Blacksburg (near BLA; Figure 2). Each channel is then digitized by a 12-
bit sampler at a rate of 100 sps. The effective dynamic range of the entire system is
approximately 40 dB. The Giles County subnetwork consists of six stations (3 three-
component stations), and the central Virginia subnetwork has five stations (1 three-
component station).
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Figure 1. (Upper) Epicenters for 1992 earthquakes reported in Southeastern U. S.
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Figure 2. Current configuration of the Virginia Tech seismic network (solid
triangles are three-component stations). The Giles County subnetwork is in
western Virginia and southern West Virginia. The central Virginia
subnetwork is the more diffuse cluster of stations in the central portion of
Virginia. The upgraded network configuration will be approximately the
same as shown here with all stations having three components. BLA and
CVL are near the data collection nodes for the upgraded network.

An anonymous ftp account has been established for providing access to
waveform data recorded by Virginia Tech. Special waveform data sets recorded by
the network and/or the high dynamic range six-component GSE seismograph system
at BLA, can be accessed. In addition to the special waveform data sets, triggered event
files from the digitizing system are put on the anonymous ftp account within 20
minutes of the trigger time. A description of how to access waveform files,
calibration files, etc., is in Southeastern U. S. Seismicity Bulletin 27 (July 1993).

Network Upgrade:

The upgraded network will continue to have 11 stations with essentially the
same configuration. All stations will have three-component sensors, use 24-bit field
digitizers (REF TEK model 72-06), and use radio telemetry to transmit digital data back
to one of two collection nodes. Data from the Giles County subnetwork will be
collected in Blacksburg, and data from the central Virginia subnetwork will be
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collected at the Virginia Division of Mineral Resources in Charlottesville (near CVL;
Figure 2). The Charlottesville and Blacksburg data collection nodes will be connected
using the Internet. The Giles County subnetwork upgrade will be completed by the
end of calendar year 1993, and the central Virginia subnetwork upgrade is scheduled
to be completed by the end of 1994.

A USNSN station is being installed at BLA. The 300" borehole was completed in
October 1993. Installation should be completed by early 1994.

RESEARCH
Virginia Probabilistic Seismic Hazard Assessment:

The objective of the Virginia seismic hazard study is to provide a consistent
representation of the mean hazard, organized along jurisdictional boundaries, useful
to regulators and planners in state and local governments as well as the engineering
community. The result is an evaluation of the seismic hazard at over 150 locations
within Virginia and adjacent states, including at least one population center in each
Virginia county. The chief products are maps and tables depicting the 1.0 Hz and 3.3
Hz pseudo-relative acceleration elastic response (5% damping) with 10% probability
of exceedance in 50 years. These maps are analogous to the preliminary spectral
response maps in the 1991 edition of the NEHRP recommended provisions for the
development of seismic regulations for new buildings (Building Seismic Safety
Council, 1991). Additional information is derived for the construction of simulated
ground motion time series compatible with the chosen hazard level at various
localities within Virginia. Hazard estimates will be compared with a county-by-
county compilation of intensity effects reported from past earthquakes.

The method used to quantify the seismic hazard is that developed by Cornell
(1968). Important assumptions include the validity of a simple Poisson model for
earthquake occurrence, with a truncated exponential magnitude probability density
function.  Area earthquake source zones are defined, wherein the probability of
seismicity is assumed to be spatially uniform. These source zones are delineated on
the basis of the historical earthquake record, recent geological and geophysical
investigations, and the results of 15 years of seismic network monitoring (Figure 3).
Selection of model parameters defining the mean rate of seismicity as well as the
form of the magnitude density function for the various source zones is based on an
analysis of the combined catalogs of historical and instrumentally recorded
earthquakes (Bollinger et al, 1989). Maximum moment magnitudes are fixed at 7.5
for all source zones within and adjacent to Virginia. Ground motion prediction is
performed using the Boore and Joyner (1991) models for deep soil sites. Random
error associated with the prediction models is incorporated as a log-normal deviate
with constant standard deviation. Figure 4 shows maps for 1.0 Hz and 3.3 Hz PSA at
deep soil sites.

The hazard model is used to identify the magnitude-distance combination(s)
compatible with the mapped oscillator response values and their associated
probabilities of exceedance. This is accomplished by evaluating the magnitude-
distance probability density function for the 1.0 Hz and 3.3 Hz oscillator responses at
the 475 year return period hazard level. The "most likely" events (in terms of
magnitude and distance) contributing to seismic hazard are defined by the maxima of
the density function (Figure 5). This information can be used to select, on a
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Figure 3. Source zones and seismicity that dominate seismic hazard in Virginia.

consistent basis, recorded earthquake ground motion time series for dynamic
analysis or to generate synthetic time series having a well defined probability of
exceedance. Figure 5 also illustrates this additional element of the analysis, for a
deep soil site in Richmond, Virginia.

Preliminary results from this work have been presented at the FEMA Annual
Earthquake Program Information Exchange Workshop in Seattle, Washington (June
1993) and the Eastern Section of the Seismological Society of America meeting in
Weston, Massachusetts (October 1993).
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exceedance in 50 years. The lower plot shows similar results for 3.3 Hz
pseudo-relative acceleration response.
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SERVICE

The Southeastern U. S. Seismicity Bulletin 27 for calendar year 1992 was
distributed this past July to over 230 institutions and individuals. There were 95
tectonic (i.e., non-reservoir related) earthquakes reported in the Bulletin for 1992
(Figure 1). The current southeastern U. S. catalog now incudes 1270 tectonic
earthquakes and 681 reservoir-related events for the period from July 1977 through
December 1992 (Figure 1). The largest 1992 shock was on 21 August in Summerville,
South Carolina (mp(Lg) = 4.1, [ = VI). In addition to reporting the usual hypocentral
parameters, magnitudes, etc. for the report period, the Bulletin included a report of
the effects of the 21 August, South Carolina, earthquake and a description of how to
access digital waveform data at Virginia Tech via anonymous ftp over the Internet.

Virginia Tech is also in the process of providing the Virginia Department of
Environmental Quality and various engineering firms information necessary to
evaluate siting permits.
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Investigations

This project does theoretical mechanical analysis of earthquake faults and tectonic
plates. In FY93 the project studied two problems: faulting and seismicity in the New
Madrid area, and faulting at Parkfield, California, as related to precursory phenomena.

New Madrid Seismic Zone

The goals here are to construct a mechanical model that explains why the New Madrid
seismicity zone exists, what determines the length and maximum possible earthquake
magnitude for the zone, and what the repeat time of great earthquakes could be. The
mechanical reasons for segmentation and variable diffuseness of microseismicity are also
being studied. This work is with T. Hildenbrand and V. Langenheim of the USGS.

Parkfield Precursors

A previously published model for earthquake instability at Parkfield has been modified
to use the fault constitutive law developed by Dieterich, Kosloff, Liu, Rvina. Tse, and Rice.
The models simulate fault stress and slip over repeated complete earthquake cycles and
predict that accelerated precursory faulting occurs before the mainshock instability. The
anomalous fault slip causes ground deformation anomalies which in some cases appear to
be large enough to detect in field data before the mainshock. This work is with T. Tullis
of Brown University

The fault slip history predicted by the model is used to calculate the piezomagnetic
field at the ground surface. The calculation is made possible by a new analytic solution by
Y. Sasai for the piezomagnetic field due to slip on a buried rectangular fault. This work
is with P. Banks and S.-W. Liu of Case Western Reserve University and Y. Sasai of the
University of Tokyo.

The motivation for full-cycle model simulations is that predicted preseismic anomalies,
if they can be detected in field measurements, could be used to estimate the time of the
next Parkfield mainshock.
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Results
New Madrid Seismic Zone

This work, just begun, proceeds from two main assumptions. First, seismic and
aseismic faults in the mid-continent region are driven mainly by a northeast-southwest
directed far-field compressional plate stress. Second, locations of faults are determined
mainly by stress concentrations associated with spacial changes of crustal elastic properties
and strength. At the southwest end of the seismic zone the broad distribution of seismicity
within a 30 km wide pluton may be partly due to relatively high shear modulus of the
pluton. The pluton acts as a relatively stiff inclusion in the stress field of a screw dislocation
near its lower edge; the screw dislocation represents the top of strike slip faulting at depth.
The overall New Madrid seismic zone appears to be caused by the interaction of the low
rigidity Missouri batholith and the Reelfoot Rift.

Parkfield Precursors

Because the model simulates all stages of repeated earthquake cycles, one could in
principle estimate values of model parameters (mainly fault properties) using field data
for a past stage and then predict a future stage. At Parkfield we find that creep and
trilateration data do not constrain model parameters well enough to predict the mainshock
time with any useful precision. But if the next mainshock is assumed to have recurrence
time and moment within the range of past values, predicted strain anomalies, as measured
by extant borehole dilatometers and strainmeters, would be large enough to detect at least
several weeks before the mainshock. Creep and trilateration precursors are too small to
detect in this model, but were large enough to detect in a previous model based on a
strain hardening and softening fault law. When fault properties with the new fault law are
assigned from laboratory measurements anomalies are somewhat smaller than when field
data are used to constrain parameters.

The maximum piezomagnetic total field change calculated for the time between
mainshocks is about 1 nT, located near the Middle Mt. position. Coseismc slip cancels
most of the interseismic anomaly. Preseismic anomalies during the final few days before
the model mainshock are also greatest near Middle Mt., but have magnitude of about 0.01
nT, and thus are too small to detect with current instruments.

Manuscripts on the fault model and the piezomagnetic calculation are nearly ready
for submission to a journal.
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INVESTIGATION UNDERTAKEN: The Los Angeles metropolitan and offshore areas
surround urban centers of high population density that coexist with high earthquake hazards. A
special purpose seismic network has been established and has been in operation for the past 20
years. Against the noisy background of urban centers, this network achieves its objective
through deployment of both downhole and surface seismometers, through a diligent field
instrument maintenance and calibration program, and through up-to-date data processing.
Presently, the Los Angeles basin seismic network recording center at U.S.C. digitizes 70
channels of telemetered data from on land (surface and downhole) and offshore stations. This
network is an important part of the research activity coordinated by the Southern California
Earthquake Center (SCEC).

RESULTS OBTAINED: The principal tasks accomplished are:

A. Operate the Los Angeles Basin Seismic Network (LABNET), a high-performance special-
purpose network and obtain on-scale seismic data necessary for earthquake hazard
reduction studies in the greater Los Angeles basin and its offshore area. Perform
diligent maintenance of all downhole seismic stations and OTS telemetry equipment
that insures the high data quality.

B. Perform data processing to prepare regular bulletins and distribute bulletins to the scientific
community and public agencies.

C. Carry outdata exchange and communication between the LABNET and the USGS/CIT
Southern California Seismic Network. Currently, 16 channels of seismic data are
exchanged in real-time between these two networks. This exchange augments the
seismic coverage for both networks at only nominal phone line cost.

D. Bring any significant changes in the pattern of local seismicity to the attention of the
Southern California Earthquake Center and the U.S. Geological Survey.

E. Update the Los Angeles basin network database with data gathered by the network for

research on seismotectonics, earthquake hazards, and earthquake prediction in the Los
Angeles area.

144



F. Increase the reliability and the data quality of the remote field stations. Most stations may
be equipped with three-component seismometers as well as the OTS gain-raining
telemetry circuit .

Besides the above accomplishments related to the network operation, we have
concentrated on seismotectonic analysis based on data recorded in the Los Angeles basin
during the past 20 years. Comprehensive studies have been completed of:

(1) S-wave splitting analysis and its implications on crustal crack density and regional stress
distribution;

(2) detailed analysis of 3-D distribution of earthquakes along the Newport-Inglewood fault;

(3) a detailed inversion analysis on the propagating fault rupture of the 1987 Whittier Narrows
earthquake;

(4) site response and near-surface Q-values using weak motion data, strong motion data and
data from a downhole array; and

(5) seismic response of a 2-D and 3-D sedimentary basin, and the propagation of short-period
surface waves in 3-D basins by Gaussian beam synthesis.

NEW RESESARCH FINDINGS:

MAPPING THE STRESS FIELD

We have systematically calibrated the LABNET followed by a thorough
examination on 3-component seismograms recorded since 1988 for evidence of shear-
wave splitting for crustal rock at depth beneath the Los Angeles basin. We observed 20-
120 ms traveltime difference between the two split shear waves for earthquakes occurring
in the crystalline basement at depths of 6-18 km beneath the Los Angeles basin. We
interpret the observed shear-wave splitting to be caused by stress-induced crustal
anisotropy. We suggest that the seismic anisotropy is mainly the result of mlcrocracks
aligned in the direction of maximum principal stress at the crustal depth.

Based on analyses of shear-wave splitting data in the Los Angeles basin, we did
not find significant temporal variation of shear-wave splitting before and after the M5.5
Upland earthquake (on Feb. 28, 1990), M5.8 Sierra Madre earthquake (on June 28, 1991),
and Joshua-Landers-Big Bear earthquake sequence (on April 22 and June 28, 1992,
respectively). These three big earthquakes occurred with epicenters about 60 km, 40 km
and 120 kmawdy, respectively, from the network center.

We shall continue to search for evidence of shear-wave splitting in the Los
Angeles basin area using LABNET data and the data recorded by portable instruments set
up in the basin area. Based on analysis of shear-wave splitting data, we shall produce two
maps: one map shows the distribution of directions of principal stresses at depth in the
Los Angeles basin, inferred by polarizations of shear waves, and the other map shows the
distribution of stress level or the degree of crustal rock fracturing in the Los Angeles
basin, inferred by time difference between the two split shear waves.
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SHORT-PERIOD SURFACE WAVES IN SOUTHERN CALIFORNIA 3-D BASINS

The occurrence of the M = 7.5 Landers earthquake offers an unusual opportunity
for the study of relatively long wavelength energy propagation in southern California
basins, where large man-made structures are exposed to potentially damaging shaking as
a consequence of focusing effect due to crustal heterogeneities. We have apporached this
hazard problem by constructing an initial 3-D model of southern California based on
available crustal velocity models, from which phase and group velocity maps are
generated. Dynamic ray tracing is applied to the generation and propagation of surface
waves due to the Landers twin event (a M = 7.5 and a M = 6.5 events 10 sec apart).
The bending of rays due to local heterogeneities displays remarkable focusing and
defocusing effects, which directly affect the local strong shaking amplitudes.
Observations in the Los Angeles basin (Inglewood station) and over southern California
are simulated by applying the surface-wave Gaussian beam method that is particularly
useful in calculating waves in a 3-D basins such as the Los Angeles. A forward modeling
procedure is applied that successfully perturbed the southern California crustal structure
in order to obtain an excellent fit to the observations. The result also shows that a twin
source is required that is in excellent agreement with near source observations.
Implication of this type of study is the development of the ability of a quantitative
evaluation of shaking hazard in the Los Angeles basin if and when the so-called Big One
does come. '

REAL-TIME SEISMOLOGY USING ARTIFICIAL NEURAL NETWORK

This application is particularly appropriate for the LABNET in the Los Angeles
basin where signal-to-noise ratio is low and type of ambient noises is numerous. We
have been, as part of our effort for improvement in network operation, experimenting an
application of neural network-based pattern classification system to the seismic event
detection. Two types of AAN are designed for realtime earthquake monitoring in the Los
Angeles basin: Type A uses a recursive STA/LTA ratio as input feature, and Type B uses
moving window spectrogram as input feature. Some of our sample results are given here.
Further development along this line should significantly improve the automation of the
LABNET operation.
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NETWORK OPERATIONS

The Earth Resources Lab at M.I.T. maintains and operates the M.I.T. Seismic Network as
part of the New England Seismic Network under a collaborative arrangement with Weston
Observatory of Boston College. The Earth Resources Lab and Weston Observatory are
continuing to upgrade and reconfigure the New England Seismic Network (NESN). The
NESN is undergoing a significant transition in 1993 that will continue into 1994. As of
September 30, 1993 phasing out of funding for seismic data telemetry was completed by
the Nuclear Regulatory Commission. At this writing, funds allocated by the Federal
Emergency Management Agency to purchase hardware for the new seismic stations of the
New England Seismic Network have been received by Boston College. Procurement of
the acquisition hardware and software from Nanometrics Corporation is now underway,
and delivery of the equipment for fifteen new stations is expected within the next two
months. Siting of these stations will be carried out jointly by the Earth Resources Lab and
the Weston Observatory, and is scheduled to begin immediately following the first
deliveries. It is anticipated that all fifteen stations will be operational by the end of 1994.
Currently, three experimental stations are being tested and modified before being deployed
for routine monitoring of earthquakes as part of the new generation of seismic stations of
the NESN. Three-component wideband seismic systems are replacing the present short-
period, mostly vertical component only stations. The new stations detect and digitally
record the data at the field site, and are accessed by a dial-up procedure to transfer the data
to the central facility (i.e., Earth Resources Lab or Weston Observatory). Using the dial-up
method, telephone lines will only be used when stations are being checked for recording
status or accessed to download the data, thus greatly reducing the cost of telemetry.

To maintain a minimal regional earthquake monitoring capability while the new stations are
being installed, the Earth Resources Lab of M.LT. is presently operating five stations
(Figure 1) in eastern Massachusetts and central and southern New Hampshire, using both
M.LT. and USGS funding. In addition, Weston Observatory of Boston College continues
to operate Station WES in Weston, Massachusetts. The Massachusetts and New
Hampshire areas covered by the remaining six stations have the highest seismic risk in
New England because of a high rate of seismicity and a greater population density than
other regions of New England. In addition, these six NESN stations significantly enhance
the earthquake detection capability of the four stations of the National Seismic Network
(NSN) now operating in New England.

An FTP anonymous account is available to provide on-line access to the most recent one

year of digital waveforms and phase data files for local earthquakes. Older data can also be
acquired through the FTP account by special request. Details on accessing this account can
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be obtained by contacting Charles Doll at 617-253-7863 or doll@erl.mit.edu. The
waveforms are in SAC binary format.

SEISMICITY

The ML.L.T. Seismic Network consists of digitally recorded short-period stations located in
central and southern New Hampshire and eastern Massachusetts. Data from these stations
are routinely analyzed to provide hypocentral, origin time and magnitude information for
local earthquakes. Quarterly bulletins, reporting earthquakes in and adjacent to the M.LT.
Seismic Network, are published and available for the period October 1979 - March 1993.

Figure 2 shows the epicentral locations of local earthquakes within or adjacent to the
M.IT. Seismic Network for the period October 11, 1992 - October 10, 1993. Eleven
earthquakes, with a magnitude range Mc 1.8 - 2.9, occurred during this period. Five
occurred in central New Hampshire, the area historically having the highest seismicity rate
within the M.L.T. Seismic Network including two potentially damaging earthquakes in
December 1940 (M =5.3 and 5.4; Ebel, Somerville and Mclver, 1986) and one in January
1982 (M=4.7).

CURRENT RESEARCH

Two major research projects, begun in 1992, have been continued and expanded in 1993.
First, a waveform correlation / relative location technique is being applied to seismicity in
the central New Hampshire and the Charlevoix, Quebec seismic zones (Toksoz et al.,
1993) to establish high accuracy hypocentral locations for seismicity in those regions.
Significantly reduced scatter in the spatial distribution of the seismicity may define the
orientation and dimensions of specific geologic structures. Second, an empirical Green’s
function (EGF) method (e.g., Li and Thurber, 1988) is being applied to event pairs (Li, Y.
et al., 1993), earthquakes with similar hypocenters and focal mechanisms identified by the
relative location technique, to estimate a relative source time function (STF) for the larger
event. The STF is being used to derive important fault parameters such as fault length,
stress drop and rupture directivity.

In another study, the EGF technique has been applied to retrieve the relative STF of the
October 1992 Colombia earthquake (Li and Tokso6z, 1993), M§=7.3. An M§=6.7
foreshock was treated as the EGF. The relative STFs of the larger event were recovered
from Love waves recorded by 17 IRIS Global Seismic Network (GSN) stations, and were
stacked to yield an average STF (Figure 3, top). The stack trace and the individual GSN
station seismograms both show two main pulses, representing the main shock and an
aftershock approximately 100 s later. Also, a double event, consisting of a smaller pulse
followed by a larger one 12 s later, is observed on both the stack trace and some of the
GSN station records. These STF features are verified by seismograms recorded by 5
short-period M.I.T. Seismic Network stations. The vertical component velocity records of
the MS=7.3 and 6.7 earthquakes recorded by these 5 M.LT. stations were aligned to initial
P, stacked, and then squared to calculate the stack “power” traces (Figure 3, bottom) for
the two events. The times of the two subevents of the M§=7.3 main shock (about 12 s
apart) and the aftershock 100 s later are corroborated by high amplitude features on the
stack “power” trace for this event. However, the stack “power” trace of the M§=6.7
foreshock reveals only a single pulse indicating a simpler event.
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A third research investigation (Cicerone, 1992; Cicerone et al., 1993) using data recorded
by the New England Seismic Network is now underway to calculate the relative
contributions of scattering (Qs™1) and intrinsic attenuation (Qr-1) as a function of
frequency and distance in the New England crust. The energy-flux model of seismic coda,
developed by Frankel and Wennerberg (1987), is being used to derive estimates of
scattering and intrinsic attenuation. The model predicts the amplitude of the S coda wave
over time as a function of frequency, Qs'1 and QI‘I. The results of this study will provide
important information for the accurate prediction of ground motions as a function of
distance and frequency for earthquakes in New England.

Preliminary measurements of Qg~1 and Qr-! obtained from seismograms (Figure 4) from a
single event indicate that both scattering and intrinsic attenuation are important mechanisms
of energy dissipation. The significant exception to this occurs at short distances, where the
results at a station (WFM) only about 6 km away from the epicenter seem to indicate that
scattering may be more important near the source (Figure 5). The values of Qs‘1 and QI‘1
obey a power law as a function of frequency and typically range from 0.01 at low
frequencies to 0.001 at higher frequencies (i.e., about 25 Hz).

Further analysis of 49 events recorded on the M.LT. New England Seismic Network from

1989 to 1993 (Figure 6) show a strong correlation of Qs'1 with distance, with the highest
scattering at short distances and a strong decrease in scattering with increasing distance

(Figure 7). However, a similar analysis of QI'I with distance shows no apparent trend,
and instead indicates a large amount of variation in the results (Figure 8). These
preliminary values are consistent with other attenuation studies conducted in New England
(e.g., Pulli, 1984; Toksoz et al., 1990).

Further work is planned to determine if Q-1 exhibits either depth dependence or is
localized to particular geologic regions in New England. Moreover, the study will be
extended to measure Qg! and Qr! for a large number of earthquakes over a wide azimuthal
distribution of ray paths (including Weston Observatory station data). This will yield a 3-D
model of the spatial variation of scattering and intrinsic attenuation in the crust of New
England.
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New England Seismic Network Fall 1993
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Figure 1: Five ML.LT. stations (triangles) and the Weston Observatory station WES (box)
operating after September 30, 1993. These six stations of the present NESN will provide
earthquake coverage (along with four USGS NSN stations) while the NESN is
reconfigured with 15 new seismic stations in late 1993 and 1994.
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MIT Network Seismicity, 10/11/92 — 10/10/93
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Figure 2: Seismicity of New England recorded by the M.I.T. Seismic Network for the
period October 11, 1992 - October 10, 1993. The M.IL.T. seismic stations are shown as
triangles (network configuration up to September 30, 1993).
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Relative STF: Colombia Earthquake M=7.3 921018
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Figure 3: Relative STFs (top) for the 1992 Colombia earthquake (MS=7.3) derived using
the EGF technique applied to Love waveforms recorded by 17 GSN stations. The
numbers following the station names are source-to-receiver azimuths. The average STF
(stack) and the individual station STFs show the main shock and aftershock about 100 s
two subevents of the main shock about 12 s apart. This source sequence can
also be observed on the stack “power” trace (bottom) of the M§=7.3 earthquake, generated

apart, and the
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from short-period seismograms recorded by the M.L.T. Seismic Network.
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Figure 4: Seismograms of the January 23, 1990 northeastern Massachusetts earthquake
recorded at distances of about 6 km (station WFM), 80 km (station DUX), and 145 km

(station WNH). Amplitudes are not corrected for differences in instrument gain among the
three stations.
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Figure 5: Estimates of Qs! (scattering) and Qr-1 (intrinsic attenuation) as a function of
frequency at short (WFM), intermediate (DUX), and long (WNH) distances. These values
were obtained by inverting narrow-bandpass filtered waveforms obtained from the
seismograms in Figure 4 using a modified Levenberg-Marquardt algorithm.
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M. I. T. Network Seismicity, 1989 — 1993
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Figure 6: Map showing the stations of the M.I.T. New England Seismic Network
(triangles) and epicentral locations of the 49 events (asterisks) used in this study from the
period 1989-1993.
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Figure 7: Plot of Qs‘1 (scattering) vs. distance for the 49 events shown in Figure 6. Note
the strong dependence of scattering with distance and the relatively high values of scattering
at short distances, indicating that scattering may be predominantly a near-field mechanism.
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159



EXPERIMENTS ON ROCK FRICTION CONSTITUTIVE LAWS APPLIED TO
EARTHQUAKE INSTABILITY ANALYSIS
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Program Element I.1
INVESTIGATIONS:

Fluid chemistry effects on detailed frictional behavior.

Frictional behavior of all three polymorphs of serpentine.

Determination of low velocity frictional parameters from relaxation tests.
Effect of gouge on friction evolution effect.

Evolution effect- time or slip dependent?

SNhLDND -

RESULTS:

1. Surfaces in stationary contact increase in strength with time; this is commonly referred to as
the evolution effect. It is the most important aspect of rock friction to understand, because it is
responsible for the restrengthening of surfaces between slip episodes and for a tendency for fric-
tional resistance to be lower at higher sliding velocities.

The experiments of Dieterich and Conrad (1984) that show that the evolution effect is
eliminated if the sliding surfaces are dried thoroughly have led us to a hypothesis on the origin of
the evolution effect. We believe that the evolution effect may be caused by the time-dependent
removal of contaminant, most likely adsorbed water, from between contacting surfaces resulting
in a stronger bond. If this is true, altering the chemical environment of a sliding surface should alter
the frictional behavior in predictable ways. A solution containing electrolytes should make bond-
ing between the surfaces even more difficult than in a neutral pH pure water solution, because the
cations become hydrolyzed and attracted to the negatively charged surface, inhibiting the close
approach of the surfaces. The electrolytes represent a greater contamination of the surface than
pure water and should lead to a greater evolution effect. We postulated that experiments conducted
at a pH of about 2.6, the so-called “point of zero charge” for quartz would exhibit little or no evo-
lution effect. At that pH protons imbedded in the surface cancel the surface charge, reducing the
tendency for adsorption of water or hydrolyzed cations. This would in turn eliminate the contami-
nant layer, allowing direct bonding of the silicate surfaces.

We have recently completed some preliminary experiments to test these predictions. The
results are shown in Figure 1 for three ten-fold velocity decreases at an identical displacement in
three separate experiments using 1 mm layers of ultra-fine quartz powder. In Figure 1a we show a
control experiment which is done in atmospheric humidity like the control experiment of Dieterich
and Conrad (1984). This experiment contained no liquid water. It shows the typical evolution
effect as the decay back up toward the final steady-state level, following the drop due to the direct
effect response to the velocity decrease. An experiment done with a solution of nitric acid at an
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Figure 1. Velocity step from 10 to 1 um s™! very early in
three runs. Dots represent data and are often so numer-
ous that they run together, gray lines represent results of
inversion for constitutive parameters. (A) “Control”-
room dry. (B) Acid- pH 2.6, the point of zero charge.
Inversion includes no evolution effect. (C) Alkaline- pH
11. Very similar to dry run, but somewhat shorter D.

initial pH of 2.6 is shown in Figure 1b. As pre-
dicted, it shows no evolution effect. Finally in
Figure 1c we show the results from an experi-
ment buffered at a pH of 11 using a buffer that
includes NaOH and NaCl. This experiment
shows an evolution effect similar to the control
experiment. Figure 2a shows a much larger evo-
Iution effect for the pH 11 experiment as
determined from hold tests. It is clear from the
figure that the strengthening with time is larger
for this experiment than any of the others.

As might be expected with only a few
experiments so far, there are complications. The
results of the pH 2.6 experiment are not com-
pletely unambiguous. Only in the first two
velocity changes did the evolution effect appear
to be absent (Figure 1b). Subsequent velocity
changes and slide-hold-slide tests (Figure 2a)
showed a typical magnitude for the evolution
effect. We believe that the supply of H* ions in
the solution may have been exhausted early in
the experiment, shifting the pH toward more
neutral values. The pH in this experiment was
not buffered at a pH of 2.6. Because nitric acid
completely dissociates, as H" ions are removed
from solution by the quartz surfaces, it depletes
the supply causing the pH to increase. An
approximate calculation suggests that the num-
ber of H' ions was about the right order of
magnitude to be completely used up by adsorb-
ing onto the surfaces present at the start of the
experiment. Thus there would be no reserve
supply of H* ions for the greatly increased sur-
face area generated by comminution early in the
experiment.

Other characteristics of the pH 11 experiment are unusual. First, at the longest hold time in
Figure 2a the peak strength upon reloading was considerably below the linear trend. Second, after
the longest relaxation times, the steady state level after the reload is much lower than the level
before the relaxation is started, as shown in Figure 2b. For all of the other experiments the steady
state level is reattained after the holds. Third, the form of the relaxation indicates that a new process
becomes important at long times, and therefore at very slow velocities. Figure 2c shows three
curves of normalized frictional strength versus the log of relaxation time. The experiment at pH 11
shows a dramatic reduction in slope after about 10,000 seconds. This form of the relaxation curve
is similar to that seen by Chester and Higgs (1992) in quartz experiments done under hydrothermal
conditions and by Reinen (1993) in room temperature experiments on serpentine. In both of these
cases the authors determined that a flow process was occurring at the lowest velocities, pressure
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Figure 2. Data from slide-hold-slide tests on powdered quartz layers viewed three different ways. These all show dif-
ferent aspects indicating that the solution used in the pH 11 has altered the frictional behavior of the quartz powder.
(A) Static strengthening as a function of log(hold time) for several different runs, inctuding the pH 11 run. Delta p
is the difference between the transient strength peak following the hold minus the steady-state level following the
hold. (B) Strength loss during hold on quartz powder saturated with pH 11 fluid- steady-state level before, minus the
steady-state level after. (C) Normalized coefficient of friction versus log(time) showing the relaxation during the
longest holds from three runs on quartz, the room dry run, and the two run with altered pH. The sharp drop-off at the
end of the relaxation at pH 11 indicates that a different mechanism was active at the lowest velocities.

solution for the quartz under hydrothermal conditions and probably dislocation glide for the ser-
pentine. In our experiment at pH 11, we presume that pressure solution was responsible, due to the
increased solubility of quartz. This is further supported by analysis of the long-time portion of the
relaxation shown in Figure 2c (see below, section 3).

The experiment at pH 11 is also not completely unambiguous. The greater evolution effect
might be caused by the Na* ions independently of the high pH, as explained above. However, the
solubility of SiO, is 16 times higher at a pH of 11. If pressure solution is involved in the evolution
effect, then high pH might enhance the effect by providing a greater flux of dissolved material. We
believe that the increased evolution effect is caused by the presence of Na't ions because other man-
ifestations of the increased solubility are present only at very low velocity or at long times.

While there are significant ambiguities in interpreting these experiments, the results are
very exciting. We have demonstrated that we can make significant changes in the frictional behav-
ior of quartz by changing the chemical environment of the sliding surface. We have shown several
different effects including the possible elimination of the evolution effect by a low pH environ-
ment, the enhancement of the evolution, probably by introduction of electrolyte solution, and the
appearance of a new process at low velocity and elevated pH which may be pressure solution.

2. We have now conducted friction experiments on all three polymorphs of serpentine: antigorite,
lizardite and chrysotile, at sliding velocities ranging from 0.003 to 3.2pum/s. These results are sum-
marized in Figure 3. Chrysotile and lizardite both exhibit low frictional strength (chrysotile 0.2-
0.25; lizardite 0.15-0.35); antigorite is as strong as other silicates (0.5-0.85).

Field measurements of stress orientations and heat flow suggest that both continental and
oceanic transform faults are mechanically weak relative to the surrounding crust, resulting in low
shear stresses across the faults. Other researchers have developed models in which high fluid pres-
sure is trapped within the fault zone by differential permeability or clay seals. The low strength of
lizardite and chrysotile serpentinite suggests that the presence of either polymorph on a fault would
result in stresses less than half that expected from typical crustal rocks. All three polymorphs show
a transition from velocity weakening at fast velocities to velocity strengthening at slow velocities.
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This should promote stable aseismic slip.

Our experiments were all con-
ducted at room temperature. Modest
temperature increases could result in fric-
tional strength of lizardite or chrysotile
below 0.1. This could explain low stress on
creeping sections of the San Andreas. Low
stress on fault sections that slip only seis-
mically might result from various other
mechanisms that operate only during
dynamic slip. Thus differing explanations
for aseismic and seismic areas could
explain low stresses without requiring high
pore pressure.

At low sliding velocities, the liz-
ardite and chrysotile polymorphs have very
different strengths but similar rate depen-
dence. We believe these mechanical
observations can be explained by differ-
ences in the crystal structure. Lizardite has
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Figure 3. Frictional sliding strength for all three polymorphs
of serpentine plotted versus log of sliding velocity. Open dia-
monds indicate unstable sliding on antigorite. The dot
labelled “SAF” indicates the average slip rate on the San
Andreas fault, and the bar labelled “Ocean Trans” indicates
the range of slip rates commonly observed on Oceanic trans-
forms. Lizardite and chrysotile slide at very low stresses;
modest increases in temperature could lower the strength
even more.

only weak hydrogen bonds between structural layers, while antigorite has stronger SiO bonds
bridging the layers. The hydrogen bonds may control the rate dependence, while the SiO bonds
would give antigorite its strength. Chrysotile, on the other hand, has much smaller velocity depen-
dence at low velocity. We observe that the layer of chrysotile powder forms a felted mass of
tangled fibers, probably requiring that fibers break to accomodate slip.

3. We have investigated the use of relaxation tests for determination of frictional parameters at
very low velocities. Slide-hold-slide tests are common in studies of rock friction for investigating
time-dependent frictional strengthening (the evolution effect). In most cases, data from the relax-
ation (hold) portion of the test is not used. Relaxation tests are attractive because very low slidin
vclocilties can be achieved in relatively short time (we have reached velocities as low as 3x10
ums™).

Because of the finite stiffness of any real apparatus, when loading rate is set to zero the
stress and slip velocity fall as sample creep relaxes the machine. Thus, the stress decays by Hooke’s
law: dy/dt = -k'V; k is stiffness, V is slip velocity. This can be combined with the constitutive law
for frictional slip to determine the form of the stress relaxation. We have applied this to the consti-
tutive law appropriate for serpentine at low velocity (exponential flow law), a power-law flow law,
and to the “slowness” version of the rate- and state-variable friction law.

Analysis of the exponential and power laws is relatively straightforward because they lack
the history dependence represented by the state variable in the rate- and state-dependent friction
laws. Thus, there is a single-valued relationship between velocity and strength. For these forms we
can determine constitutive parameters directly by using our high-resolution resolver to measure
sample slip velocity. If slip velocity cannot be measured, we can solve for the form of the relaxation
of stress with time and fit this to measurements of stress with time. We have determined the veloc-
ity dependence of frictional strength a for the exponential flow law (U = pg + In(V/V()) that
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describes serpentine at low velocities both by velocity step tests and by relaxation:

Velocity steps

High-V relaxation

Low-V relaxation

Antigorite, bare

0.0157; 0.0186; 0.0181;
0.0220

(No data)

(No data)

Antigorite, powder 0.0296 0.0402 (Vi=0.316) 0.0182 (Vi = 0.0056)
0.0679 (Vi =3.16)
Lizardite, powder 0.0230 0.0230 (Vi=1.0) 0.0197

Low-V relaxations refer to relaxations initiated at sufficiently low velocity to be well into
the low-velocity flow field for serpentine; High-V relaxations were initiated at velocities in the
state-variable field; the results use only data at velocities low enough to be dominated by the low
velocity behavior lacking history dependence. Low-V relaxations agree well with velocity steps on
bare surfaces; we believe that the lack of agreement with other determinations results from changes
in sliding layer texture. The small amount of slip in the Low-V relaxations and the very thin defor-
mation zone in bare surface runs may prevent such changes in these cases, yielding a number
representative of the intrinsic material behavior.

Applying the technique of measuring slip velocity and fitting a constitutive law directly to
relaxation data, we have fit a power law (UL = [ + (V/Vo)m) to the last part of the relaxation on
quartz powder at pH 11 (see Figure 3c). This fit gives a value for the exponent m of 0.92, very close
to 1.0 which would be expected from pressure solution creep, adding further support to our con-
tention that the behavior observed at long times and low velocities in this experiment are caused
by pressure solution.

If history dependence in the form of a state variable is introduced, the strength is no longer
a simple function of the instantaneous velocity and the direct method cannot be used. However, in
the case of the state variable evolution law we call the slowness law (see below, section 5), an
approximation valid at long relaxation times allows a solution for velocity as a function of time of
relaxation. This solution allows determination of the ratio of the frictional constitutive parameters
a and b if the material is velocity weakening. On a plot of log slip velocity versus log time, at suf-
ficiently long times the slope is equal to -b/a if b>a (velocity weakening).The parameter b can be
determined from the rate of time-dependent strengthening during hold tests. The ratio b/a then
allows determination of a. If b < a, then the slope is -1 for all values of a and b and constitutive
parameters cannot be determined.

4. The velocity dependence of frictional strength of simulated gouges is not the same as that for
initially bare surfaces of the same composition. One explanation for this difference is that gouge
velocity dependence consists of bare surface velocity dependence (intrinsic velocity dependence)
plus an additional contribution due to dilation against normal stress. However, in experiments that
we have reported on previously, the contribution from dilation is not large enough to explain the
difference. Understanding how velocity dependence itself can depend on sample configuration is
important because the presence of gouge in experiments stabilizes sliding.

We have tested the hypothesis that the intrinsic velocity dependence of gouge is the same
as for bare surfaces by measuring the time dependent time-dependent strengthening. If both sample
configurations are frictional in the Mohr-Coulomb sense, stress analysis shows that each configu-
ration is required to deform on planes of distinctly different orientation. The measured strength and
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intrinsic velocity dependence will reflect this
geometric difference. We have performed slide-

0.08
hold-slide tests on granite bare surfaces and on
0.06 — simulated granite gouge and find that the time-
by 0.04 — dependent strengthening for the simulated gouge

is nearly three times smaller than for initially

0.02 bare surfaces (Figure 4, symbols). We have also
L X Simulated Gouge Layer | performed numerical simulations of slide-hold-
AR IR B slide tests (Figure 4, lines) and find that the dif-

10 100 1000 10000 ference is completely accounted for by the
Time, seconds geometric difference if we assume bare surfaces
Figure 4. Results of slide-hold-slide tests on bare sur- | measure the intrinsic value of b (the evolution
faces (open markers) and on layers of powdered granite | effect) and gouge is represented as a cohesion-
simulated gouge (solid markers). The solid line repre- | 106 conlomb plastic material. It should be noted
sents the results of numerical simulations of the bare e . . .
surface results using a value of the evolution effect that the_ line l‘ndlcat-mg simulations of the gouge
constitutive parameter b = 0.01. The dashed line is | results is derived directly from the bare surface
derived from the same simulations as the solid line, but | results and is not a fit- to the gouge data. The
incorporates the effects of Coulomb plasticity; itis not | results demonstrate that gouge deformation is
afit to the solid markers. fully consistent with Coulomb plasticity, and
that the intrinsic constitutive parameter b is the same for both bare surfaces and gouge. The results
also suggest that there is no time dependence associated with stabilizing effects in gouge. Defor-
mation as a Coulomb material also implies that observed gouge velocity dependence is a function
of observed strength because strength depends on the orientation of the deforming planes. Further-
more, the normal stress on deforming planes will be a function of sliding velocity. Determination
of individual constitutive parameters in gouge is not possible unless geometrical effects are prop-
erly characterized.

5. As originally shown by Dieterich, the frictional behavior of rocks involves two competing
effects in response to changes in velocity: the direct and evolution effects. The evolution effect is
negative and is associated with a characteristic length in velocity step tests, but was originally
attributed by Dieterich to time-dependent strengthening of frictional contacts. Subsequently, Ruina
introduced a generalized differential equation (“Slip Law”), now widely used, in which evolution
occurs only as a result of slip and explicit time dependence was lost. Sample creep during the hold
portion of a slide-hold-slide test causes apparent time-dependent strengthening in simulations
using the slip law. A different equation retains the strengthening with time (“Slowness Law™) but
is otherwise very similar to the slip law.

To test whether the strengthening with time observed in slide-hold-slide tests is a result of
time-dependent strengthening or is caused by sample creep during the hold, we performed slide-
hold-slide tests at two machine stiffnesses and compared the results to simulations of slide-hold-
slide tests using both the slip law and the slowness law. We find that the observed strengthening
with time is independent of stiffness. The Slip Law predicts less evolution for high stiffness
because the amount of slip is small. This shows conclusively that the unknown process responsible
for the evolution effect is intrinsically time dependent, as originally stated by Dieterich. On the
other hand, the Slowness Law, which does have explicit time dependence, does not give the nearly
symmetrical response for increasing and decreasing velocity steps that is observed experimentally.
This is because the time to slide a given distance is greater at the lower velocity.
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Investigations Undertaken

The objective of the research carried out is to understand whether earthquakes are an example
of self-organized criticality. The approach is to develop analog models which are examples of self-
organized criticality and which exhibit the important features of distributed seismicity. These
models can then be examined for precursory behavior that can be predictive of major analog
earthquakes. The results may provide the basis for new approaches to earthquake prediction.

The research is being undertaken in collaboration with Dr. Andrei Gabrielov who is on leave
from the Institute for Theoretical Geophysics and Earthquake Prediction in Moscow and is
spending the period of this grant at Cornell. Dr. Gabrielov was a leader in the development of the
algorithems that successfully predicted the Armenian, Loma Prieta, and Landers earthquakes. One
objective of our research is to test these algorithems on the analog SOC systems.

Results Obtained

It has been suggested that distributed seismicity is an example of self-organized criticality. If
this is the case, the Earth’s crust in an active tectonic zone is in a near-critical state and faults can
interact over large distances. Observed seismicity and earthquake statistics are consequences of the
dynamical interactions of seismic faulting over a wide range of scales. We address this problem by
considering a two-dimensional array of slider blocks with static/dynamic friction. The two-
dimensional systems is treated as a cellular automaton such that only one slider block is allowed to
slip at a given time and interacts only with its nearest neighbors through connecting springs.
Because of this treatment, the amount of slip for each failed block can be obtained analytically, and
the system is deterministic with no stochastic inputs or spatial heterogeneities. In many cases, the
slip of one block induces the slip of adjacent blocks. The size of an event is specified by the
number of blocks that participate in the event. The number of small events are close to a Poisson
process, and gradually deviate towards periodicity for large events. The recurrence time statistics
are generally insensitive to parameter variations. Large events may occur at stress levels
considerably lower than the failure strength of an individual block, and the stress drops associated
with large events are generally small. This may provide an explanation for observed low stress
levels in tectonically active areas. This work has now been published [1, 2].
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In the standard cellular-automata model for a fault an element of stress is randomly added to a
grid of boxes until a box has four elements, these are then redistributed to the adjacent boxes on the
grid. This redistribution may result in one or more of these boxes having four or more elements in
which case further redistributions are required. On the average added elements are lost from the
edges of the grid. We have modified this model so that the boxes have a scale-invariant
distribution of sizes. When a redistribution from a box occurs it is equivalent to a characteristic
earthquake on the fault. A redistribution from a small (a foreshock) may trigger an instability in a
large box (the main shock). A redistribution from a large box always triggers many instabilities in
the smaller boxes (aftershocks). The frequency-size statistics for both main shocks and
aftershocks satisfy the Gutenberg-Richter relation with b = 0.835 for main shocks and b = 0.635
for aftershocks. Model foreshocks occur 28% of the time. This work has been completed and is
now in press [3]. A review article on this work is also in press [4].

New lines of research include an application of R/S analysis to earthquake prediction. The
rescaled range R represents fluctuations in the level of seismicity relative to the mean S. Running
values of R/S have been determined for various regions and time windows adjacent to the San
Andreas fault. The object was to determine whether variations in R/S systematically preceded
major earthquakes. So far no statistically significant precursors have been found.
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Investigations:

The investigation of the thermal regime of the Mojave-Sonoran Desert region of Cal-
ifornia and Arizona has been completed, and the manuscript has received Director’s ap-
proval for publication.

Models of the effects of erosion on heat flow in the Cajon Pass drillhole have been
revised. A paper discussing the resulting implications for frictional heating along the San
Andreas fault is in review for the J. Geophys. Res..

Reconfiguration of laboratory calibration facilities, the transient heat-source conduc-
tivity apparatus, and development of a high-temperature thermal conductivity apparatus
continued.

A joint study (with Daniel Pribnow of IXTB) of thermal conductivities of both core
and cuttings from KTB drillholes continued. Work was completed on a joint study of
derivation of rock thermal conductivities from geophysical well logs, and the results were
published in Geophysical Research Letters.

Downhole experiments in the Long Valley Exploratory well continued.

A study of the relationship between fluid flow in fractured rock and regional stress
fields has been initiated. The study utilizes subsurface thermal data to identify fluid flow
in situ. A major goal of the study is the characterization of crustal fluid flow in the vicinity
of candidate sites for the San Andreas fault deep drillhole.

The initial phase of a detailed investigation of the deep thermal regime of the north-
western Geysers geothermal field was completed. The results were published in the GRC
Transactions.

Temperature measurements were made in oil wells in Railroad Valley, Nevada, and
in geothermal exploration wells near Ft. Irwin and Ridgecrest, California. The resulting
heat-flow determinations will be presented in open-file reports.

Characterization of the thermal regime of the Parkfield region was completed, and
high-precision borehole-temperature monitoring in the area continued.
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Results:

Mojave-Sonora. More than 200 values of heat flow are now available from the crys-
talline terranes of southern California, the Basin and Range Province of Arizona, and Pale-
ozoic sedimentary rocks of the southwestern Colorado Plateau (CP). Heat flow ranges from
about 5 mW m~2 on the CP near Flagstaff, Arizona, to more than 150 mW m~2 in the crys-
talline rocks bordering the Salton Trough in SE California. The heat-flow pattern within
this region is complex and appears to be controlled by regional physiographic and tectonic
features. Unlike the adjacent Sierra Nevada Batholith where heat flow is a linear function
of near-surface radiogenic heat production, no statistically significant correlation exists
between these two quantities in the study area. This absence of correlation is attributable
to the complex tectonic history, involving lateral movement of basement terranes, and heat
sources and sinks of different strengths, ages, and durations. Contemporary and Neogene
tectonism appears to be responsible for the very high heat flow (>100 mW m™2) asso-
ciated with the Salton Trough and its neighboring ranges, the Death Valley fault zone
and its southward extension, and zones of shallow (<10 km) Curie isotherms (as inferred
from aeromagnetic data) in west-central Arizona. Low (<60 mW m~2) heat flow in the
Peninsular Ranges and eastern Transverse Ranges of California may be caused by thermal
transients related to subduction and compressional tectonics. Relatively low heat flow
(674+3.5 mW m™2) is also associated with the main trend of metamorphic core complexes
in Arizona. This is a surprising observation in view of the fact that the processes related
to their deroofing have positive thermal transients, with mantle contributions having time
constants of tens of millions of years. The outcropping rocks in the core complexes have
a low radioactive heat production (1.1 uW m™2); only about half that for the other crys-
talline rocks in the region. Some, but not all of the nearly 20 mWm™2 deficiency related
to the metamorphic core complexes can be related to this observation. The overall average
heat flow for the presently quiescent southern Basin and Range province (8243 mWm™2)
is not significantly different from that for the northern Great Basin, much of which has
been actively extending over the past 10 m.y., and is several hundred meters higher in
average elevation than the southern Basin and Range. Consideration of simple models
for extension indicates that this is the expected result because of the long time constants
governing the decay of thermal transients associated with province-wide extension.

Heat Flow at Cajon Pass, California, Revisited. Recent studies in a 3 % km
borehole near Cajon Pass showed that the observed high heat flow and its sharp decrease
with depth are predictable effects of independently determined erosion history, topogra-
phy, and radioactivity, leaving little room for the large contribution from frictional heat
required by conventional faulting models for the nearby San Andreas fault. We have since
discovered an error in our analysis that lowers the predicted surface heat flow from the
upper end (~100 mW/m?) to the lower end (~90 mW/m?) of the range of measurement
uncertainty at this complex site; it permits, but does not require, a source increment of up
to 10 mW/m? not accounted for in the prediction. Better agreement between the predic-
tion and observations at depth confine the permissible extra heat flow to the upper part of
the hole, making it difficult to attribute it to a deep frictional source. In any case, however,
such a frictional source would be too small to permit conventional high-strength faulting
models, and the basic conclusion of the original study is unchanged. The most likely cause
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of the relatively small discrepancy between predicted and observed heat flow (if it exists)
is preferential three-dimensional flow into the higher conductivity rock that occupies the
upper part of the borehole.

Thermal conductivity of water-saturated crystalline rocks as a function of
temperature. Scientific studies of the continental crust increasingly include the drilling
of deep (~ 5 km) and “superdeep” (~ 10 km) research boreholes. Studies of the Earth’s
thermal regime rank among the most important scientific goals of these projects. To
characterize adequately the variation of heat flow with depth in these boreholes, it is
necessary to take account of the relation between thermal conductivity and temperature.
A few systematic studies have been carried out on dry crystalline rocks, the most important
of which remains the classic work of Francis Birch and Harry Clark in 1940. We have
constructed an algorithm relating thermal conductivity to temperature based on the latter
results. This empirical relation applies equally well to other experimentally determined
conductivity-temperature values irrespective of mineral composition. To our knowledge,
no systematic studies of thermal conductivity as a function of temperature have been done
on saturated rocks. Although crystalline rocks generally have little porosity (on the order
of 1%, mostly fractures). significant errors in thermal conductivity can occur if the pore
space is not mainteined in a saturated condition during measurement.

Collaboration with German deep drilling project (KTB). As outlined in our
FY 1992 proposal, approximately 100 additional samples were collected from the pilot
hole core. Disks were prepared in two or three orientations so as to characterize vertical,
parallel, and perpendicular (to bedding) thermal conductivities. The initial results for the
vertical component of conductivity were encouraging in that the majority of values were
within 10% of one another (the combined uncertainties of the two techniques), but there
were some disagreements that could not be readily explained. A re-examination of the
algorithm used to calculate vertical conductivity from the I{TB line-source method and a
revised measurement strategy resulted in a much better agreement between the two sets
of results. It is worth noting here that, without the cooperative study now under way,
the shortcomings of the original algorithm would not have been readily apparent, and the
improvements in both measurement strategy and interpretive procedures would most likely
not have occurred.

The comparison of calculated anisotropies produced a very poor correlation. Typically,
both line-source measurements and conductivity disks oriented parallel and perpendicular
to the foliation were separated from each other by a few centimeters. This resulted in
substantial uncertainties in anisotropy arising from significant differences in mineral com-
position between measurement sites. A similar problem was noted in the case of Cajon
Pass. Because of the uncertainty introduced by variations in mineralogy, the anisotropy
can only be specified in general terms as an average for characteristic rock types.

Well-log measurements of compressional and shear velocity (V,, V;), density, and
temperature from the 4 km-deep KTB Vorbohrung (pilot hole) were applied in a phonon
conduction model for the thermal conductivity of a crystalline solid. The resulting con-
ductivity estimates were compared with conductivities (kz.4p) measured on the nearly
continous (91% recovery) core. Studies in other boreholes have shown the log-derived
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conductivity (krog) to be within +£15% of kL 4p in predominantly isotropic crystalline
rocks. The section penetrated by the K'TB pilot hole includes both predominantly isotropic
metabasites and highly anisotropic gneisses with foliation dips ranging from subhorizontal
to nearly vertical. The predictions of the phonon model were accurate in the metaba-
sites but inaccurate by 6% to 23% in the moderate to steeply dipping gneisses. These
discrepancies between koG and kL 4p correspond to depths at which laboratory measure-
ments of V, under in situ conditions deviate from the well log V,. This suggests that full
waveform sonic log determinations of V; may not be reliable in dipping, anisotropic rocks.
Alternatively, the laboratory V, measurements may not be drawn from a representative
sample, and the discrepancies may follow from errors in the phonon conduction model.
Whatever the reason, the validation of the model in the metabasites confirms the utility
of the phonon conduction approach in deriving in situ thermal conductivity in boreholes
for which even a small part of the penetrated section is composed of isotropic or weakly
anisotropic rocks. The results also demonstrate that, if the cause of the discrepancy in
anisotropic rocks is identified as following from errors in the well log measurements, the
close relationship between thermal and elastic properties may provide a tool for deriving
thermal conductivity profiles of the middle and upper crust from seismic studies of V, and

Vs.

The Relationship Between Regional Stress Fields and Fluid Flow as Indi-
cated by Heat-Flow Measurements in Crystalline Rocks. The fracture permeabil-
ity of crystalline rock is dependent upon a number of factors, including the orientation
and magnitude of in situ stresses, the interaction of fluid chemistry with mineralogy, the
effects of weathering, and the history of local tectonics. If deviatoric stresses in the upper
few kilometers of the crust are a major controlling factor, then the magnitude of fracture
permeability should correlate with the contrasting regional stress regimes of the western
United States. One means of investigating this possibility is through the use of heat-
flow measurements, which have a well-documented sensitivity to fluid flow. Over the past
30 years, the USGS has measured near-surface heat flow in more than 200 holes in the
crystalline bedrock of Arizona, California, and Nevada. Repeated temperature logs and
closely spaced thermal conductivity measurements in these holes, typically 100 to 250 me-
ters deep, provide useful information on the magnitude and orientation of fluid movement.
The thermal data from California reveal that in the region dominated by the compres-
sional and strike-slip tectonics of the San Andreas fault system fewer than 5% of the sites
have thermal anomalies within the logged interval which are most likely due to ground-
water flow. In the regions dominated by the extensional and strike-slip tectonics of the
Basin and Range and the Salton Trough, nearly 30% of the sites show thermal evidence of
ground-water flow. The tentative conclusion from these observations is that the difference
in magnitude of the least principal effective stress between a compressional and an exten-
sional environment (probably less than 5 MPa in the upper 250 meters) is reflected in the
pattern of ground-water flow in fractured crystalline rocks. However, many other factors
that can vary on a regional basis, including fault and fracture spacing, the age and fre-
quency of recent tectonic events, local stress perturbations, and fluid chemistry, may also
affect the results. If the correlation of regional stress regimes with shallow fluid movement
holds, field studies of fluid movement in crystalline rock (e.g., those involving geothermal
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exploration, development of water resources, and the tracking of subsurface contaminants)
should routinely incorporate investigations of the regional and local stress field. A re-
view of thermal data from Arizona and Nevada will provide additional constraints on the
relationship between enhanced ground-water flow and extensional tectonics.

Long Valley Exploratory Well. To prepare for Phase III of drilling of the Long
Valley Exploratory well, the Phase IT (13 3") liner was tied back to the surface and the
annulus was completely cemented in. The Phase II corehole (2.1 to 2.3 km) was plugged
with cement, and a new 12 1" pilot hole was drilled about 100 m beyond the casing shoe.
Injection tests in the newly drilled pilot section between 2080 and 2150 meters indicated
sufficient permeability in the Mount Morrison roof pendant to explain the observed low
temperatures on the basis of hydrologic recharge. The two-dimensional hydrologic model
proposed by Craig Forster (University of Utah) is validated by these data, and the pre-
diction of temperatures approaching 400 C at the Phase III target depth of 4.3 km (also
predicted by a seismicity cut-off at 4 km) is strengthened.

Alpine. In collaboration with the State of Arizona and DOE’s Geothermal Division,
thermal studies are being carried out in a 1.4 km deep corehole at Alpine Divide south
of Springerville, Arizona. From preliminary temperature logs and thermal conductivity
determinations on core and cuttings, it appears that earlier estimates of heat flow in a
shallower hole by the Arizona Geological Survey were high by as much as 50%. We are
currently negotiating with the State of Arizona to take over the well for further studies
and for possible deepening.

Geysers Geothermal Field. Temperature and thermal conductivity data were
acquired from three idle production wells in the Northwest Geysers. Heat-flow profiles
derived from data recorded in the caprock which overlies the steam reservoir reveal a
decrease of heat flow with depth in two of the three wells. In the first well, PT30, heat
flow decreases from approximately 370 mW /m? near the surface to 300 mW/m? at the base
of the caprock (1700 m). In the second well, PT31, heat flow decreases from 450 mW /m?
near the surface to 280 mW/m? at the base of the caprock (1600 m). These observations
contradict the generally accepted theory that conductive heat flow is constant with depth
within The Geysers caprock. There are several possible explanations for this, but the
available data suggest that these profiles reflect a local recession or cooling of the reservoir
top within the past 5000 to 10,000 years. Near-surface heat flow from PT30 and PT31
exceeds typical values for this part of The Geysers, but the present top of steam in the
two wells is similar to regional levels. Thermal recovery following a transient heating
event would be consistent with these observations. Although the nature, timing, and
magnitude of the event are poorly constrained, it may be related to the evolution of the
high temperature (>300°C) vapor-dominated reservoir that underlies the normal (~240°C)
vapor-dominated reservoir in the Northwest Geysers.

Thermal Setting of the Parkfield Region. Knowledge of the temperature varia-
tion with depth near the San Andreas fault is vital to understanding the physical processes
that occur within the fault zone during earthquakes and creep events. Parkfield is near
the southern end of the San Andreas fault’s Coast Range segment, which has higher heat
flow than the Cape Mendocino segment to the northwest or the Mojave segment to the

173



southeast. Boreholes were drilled specifically for the Parkfield experiment or converted
from other uses at 24 sites within a few kilometers of the San Andreas fault near Park-
field. These holes, which range in depth from 150 to over 1500 m, were used mainly for
the deployment of volumetric strain meters, water-level recorders, and other downhole in-
struments. We obtained temperature profiles from all of these holes, and we were able to
estimate heat flow at 16 sites. For a number of reasons, primarily a paucity of thermal
conductivities and rugged local topography, the accuracy of individual determinations was
not high enough to document local variation in heat flow. Heat flow ranges from 60 to
90 mW m™2, with a mean and 95% confidence limits of 74+3.5 mW m™2, respectively.
This is somewhat lower than the values of 83+2.5 for 39 previously published heat flows
from the Coast Range segment of the San Andreas fault zone, but it is consistent with the
regional broad zone of elevated heat flow with low values east of the fault in the Great
Valley and the Sierra Nevada. The low heat flow close to the fault emphasizes the absence
of a frictional thermal anomaly there and provides additional support for the notion of
nearly fault-normal maximum compressive stress and a small component of shear stress
along the fault.
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Tule Pond, Fremont

This study has focused on the recovery of Hayward fault Paleoseismic data from trench
exposures at Tule Pond in Fremont. The investigation is designed to recover temporal evidence
of seismogenic movement of the Hayward fault's southern segment. Five trenches excavated
across the fauit reveal evidence for a minimum of six Hayward fault ruptures during the past
<2100 years.

The detailed layering of the Tule Pond deposits has provided a unique opportunity to
document the timing of the southern Hayward fault's recent slip. Current radiometric data from
this study indicate that the fault's past ruptures occurred, on average, every 150-250 years.
This appears to support the 167-year average recurrence estimated in published earthquake
forecasts. Significant gaps exist in the sedimentary record at Tule Pond, thus some late
Holocene ruptures may not be recorded at this site. Intriguingly, qualitative data also appear to
record some very short recurrence periods. Age interpretations are based on the youngest
suite of many AMS radiocarbon analyses. It is assumed that the youngest dates best represent
unit ages. Additional age constraints are expected from ongoing radiocarbon analyses.

A final trench at Tule Pond is scheduled for May 1994. This trench will optimize findings
from trenches W1 and W2 excavated across the eastern Hayward fault trace to the south of
Walnut Avenue. Trench W3 was delayed due to access negotiations for the final site. We
anticipate renewed access to the site for Spring/Summer 1994.

Strawberry Creek, Berkeley

In the course of these investigations we have identified a site that records a long-term,
high-confidence average slip rate for the northern Hayward fault. Motion of the Hayward fault
is recorded by the 335+30 m displacement of the active course of Strawberry Creek, a large
competent stream draining the Berkeley Hills adjacent to the University of California,
Berkeley. Former drainages of Strawberry Creek have been offset even greater distances
(Buwalda, 1929; Williams and Hosokawa, 1992). The most recently “beheaded” drainage of
Strawberry Creek, the "Mining Circle channel" is offset 580+35 m from its source at
Strawberry Canyon.

Williams and Hosokawa (1992) argued that the present 335 m offset of Strawberry Creek
accumulated subsequent to abandonment of Mining Circle channel. If we accept the 9+2 mm/yr
slip rate estimated by the WGCEP (1990), Mining Circle channel abandonment occurred about
35,000 years before present. The power of the Mining Circle channel age to effect earthquake
hazard calculations is illustrated as follows: a 2 mm/yr change in the true average slip rate is
recorded as a 10,000 year difference in abandonment age, and is therefore easily distinguished
by radiometric dating (with counting uncertainties equivalent to +50 years). But a 2-mm/yr
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change in average slip rate produces a large change in the WGCEP recurrence estimate. For
example, the stated WGCEP slip rate uncertainty generates median recurrence intervals that
range from 135 to 215 years! Uncertainty of channel geometry, estimated conservatively,
contributes a maximum of 12% to the uncertainty of the long term rate. Additional landform
data is available from the grading plans for Memorial Stadium, and may reduce geometric
uncertainty. Recovery of accurate slip-rate data, over a period of ca. 150-200 earthquake
cycles, would increase the credibility of calculated Hayward fault recurrence behavior.

Deposits of the Mining Circle channel were exposed in the during construction in 1992 and
revealed the presence of coarse channel deposits. The timing of stream abandonment can be
recovered from careful exhumation and analysis of fluvial and colluvial material in the buried
deposits of the Mining Circle channel. Re-excavation of the site is logistically feasible during
the ongoing construction, but is not currently planned.
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